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There was an old comet in space. 
Whose end was a notable case. 

It puffed and it fumed 
Till its coma was doomed. 

And a dead asteroid took its place. 


ABSTRACT 


This repor '8 concerned with feasibility, scientific objectives, 
modes of exploration and implementation alternatives of a rendezvous 
mission to Encke's comet in 1984. The principal emphasis of this study 
was placed on developing the scientific rationale for such a mission, 
based on available knowledge and best estimates of this comet's physical 
characteristics, including current theories of its origin, evolution and 
composition. A main section of the report is devoted to a compilation 
of these data and theoretical results, giving an up to date model of 
Encke's phenomena. 

Our aim was to formulate a basic mission concept devoid of overly 
costly and complex elements not absolutely necessary in achieving the 
principal scientific objectives of the rendezvous mission. With this re- 
striction in mind we studied mission profile alternatives, performance 
tradeoffs, developed a preferred exploration strategy, and defined a 
spacecraft design concept capable of performing this mission. 

The study showed that the major scientific objectives can be met 
by a Titan IIID/Centaur?launched 17.5 kw solar electric propulsion 
spacecraft (13 kw of this power being used for propulsion) which carries 
60 kg of scientific instruments and is capable of extensive maneuvering 
within the comet envelope to explore the ^roa, tail and nucleus. Launched 
in December 1981, and arriving at the cornet after nominally 800 days in 
February 1984, 40 days before perihelion passage, the spacecraft will 
stay in the comet envelope for at least 80 lays. The residence time can 
be extended by several 100 days as the co-. -let recedes from the sun, for 
additional scientific observations during the comet's dormancy. 



Results of this study are presented in tv'o volumes: 

I Technical Report 
II Appendix 
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1. INTRODUCTION AND SUMMARY 


1. i STUDY OBJECTIVES 

In this study we have investigated the feasibility, scientific 
objectives, modes of operation, and implementation alternatives of a 
rendezvous mission to the comet Encke in 1984. It is assumed that by 
the time this mission will be launched, i. e. , in 1981/82, the new 
technology of solar-electr ic propulsion will be sufficiently well established 
and flight-proven to make a rendezvous mission, rather than a mere 
flythrough, practical and economically attractive. 

The study differs in scope from previous spacecraft feasibility and 
design studies by aiming to establish principal goals and priorities of the 
mission rather than assuming them for granted and proceeding to the 
technical implementation problems. In fact the main effort was devoted 
to defining the physical environment at the comet and developing a strategy 
for conducting the exploration. As a result we formulated a mission con- 
cept that we believe to be most effective in achieving the desired scientific 
objectives. Spacecraft design tasks were given much less emphasis by 
comparison. This allocation of task priority was made in concurrence 
with the technical direction given us by JPL. 

The overriding ground rule that we applied in formulating this mis- 
sion concept was simplicity and cost economy. Thus, of the many 
alternate options that appeared attractive and feasible, only the one that 
could be defended as essential to the basic scientific objective of a rendez- 
vous mission was adopted as the preferred option. The ultimate criterion 
of acceptibility of any payload instrument, observation mode, or space- 
craft feature was relevance to the basic rendezvous objective. Features 
that would enhance the mission but did not contribute an essential 
ingredient were considered as luxury and had to be given up. This applied 
particularly in the payload instrument selection. 

In performing the study we took into consideration the cometary 
exploration goals published in recent years, particularly the preliminary 
report material available from the two recent NASA-sponsored comet 
conferences at the University of Arizona (Tucson, March 1970, Reference 
1-1), and at Yerkes Observatory (June 1971, Reference 1-2). Recent 
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studies of comet rendezvous mission concepts performed by the Illinois 
Institute of Technology Research Institute (References 1-3 and 1-4) also 
provide useful and up-to-date source material. In addition, the recently 
completed design studies of electric propulsion rendezvous spacecraft by 
JPL, TRW, and North American Rockwell (References 1-5, 1-6, and 1-7) 
provided practical design concepts and a thorough documentation of the 
technology base available today for implementing a solar electric propul- 
sion (SEP) mission such as an Encke rendezvous. 

Comet Encke was specified as the rendezvous target prior to 
initiation of this study. It is well suited as a target for a deep space probe 
because its short orbital period has allowed it to be observed on many 
perihelion passes since its discovery, and its orbital parameters as well 
as perturbative influences are better established than most other comets'. 
For purposes of our study we assume that an Encke flyby mission in 1980 
will precede the 1984 rendezvous mission, and that this flyby mission will 
have established the existence of a nucleus. More detailed observation of 
this nucleus is assumed as one of the principal objectives of the rendez- 
vous mission. 

The rendezvous spacecraft being considered has the capability of 
performing in-situ experiments at the nucleus, as well as in the coma 
and tail of the comet for a prolonged time period. This permits observa- 
tion of time varying phenomena during the closest approach to the sun and 
correlation with concurrent observations from earth to enhance under • 
standing of cometary physics. The mission plan foresees a rendezvous 
40 days prior to perihelion passage with residence at the comet for at 
least 80 days thereafter. 

The principal advantage of electric over chemical propulsion in this 
application is reduction by an order of magnitude of the propellant mass 
for the large maneuvers in deep space that a comet rendezvous mission 
entails, and hence a significant increase in payload capacity. Another 
useful attribute of an electric propulsion system is the power capacity of 
several kilowatts that becomes available for operation of sophisticated 
payload instruments and high- data -rate telemetry after arrival at the 
comet. 
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1. 2 TENTATIVE COMET MISSION SCHEDULE 


A tentative sequence of major events leading to the launch in 1981/ 
1982 of an Encke rendezvous spacecraft is illustrated in Figure 1-1. We 
postulate that the rendezvous mission is preceded by a flythrough mis- 
sion to Encke in 1980 which will provide basic data on the unknown physical 
phenomena and hazards to be encountered at the comet. An alternate 
target for an earlier flythrough mission would be Comet d' Arrest (1976) 
but this mission is unlikely to be approved, considering its time constraints. 
The time interval between the flythrough event (October 1980) and the 
launch date (early or late in 1981) of the rendezvous mission allows some 
design changes or adjustments of critical parameters in accordance with 
the data obtained from the precursor mission. Short transfers of 700 to 
800 days (Option B) would defer the launch date by about ten months com- 
pared to long transfers (Option A), thus increasing the time margin for 
any necessary spacecraft (or payload) modifications from about 5 to 15 
months, as shown in the lower right of Figure 1-1. 
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Figure 1-1. Key Events Leading to 1984 Encke Rendezvous 
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1. 3 SOME CHARACTERISTICS OF COMET ENCKE 


The general characteristics of comets, their significance in models 
of solar system formation, and the broad aims of cometary observation, 
whether pursued with earthbound or spaceborne instruments nave been 
well documented in the literature. Certain less familiar physical features 
of comet Encke which can affect the planning of a rendezvous mission are 
summarized in the following paragraphs. 

Encke has passed fifty-six times through perihelion, at 0. 34 AU, 
since its discovery in 1786. Its orbital parameters have long been well 
established, even to the extent that a mass loss of some 0. 03 percent per 
orbit has been inferred with confidence from its secular perturbation. 
Despite its accurately calculable earth -crossing trajectory, however, 
recovery and observability of Encke have not been consistently easy or 
predictable. Recovery has commonly occurred several months before 
perihelion at distances of 1 to 3 AU, but has occasionally been delayed 
until perihelion, or even later. Variable Earth-Encke distances and 
angles, inconsistent seeing conditions, diversity of viewing technique, 
intrinsic variability of the comet, and relatively faint apparitions have 
combined to give Encke a widely changing image. The comet has appeared 
on a few occasions as a naked-eye object; it has been described as having 
no nuclear condensation at all, having a clear condensation asymmetrically 
located in the antisolar section or at the edge of the coma, and having even 
two separate bright condensations. 

The oval or fan shaped coma varies in apparent diameter, appears to 
shrink as Encke approaches perihelion, and is commonly diffuse and 
difficult to see after perihelion. Tails have been observed to extend to 
several times the coma diameter in length or have not been observed at 
all. Presence or absence of a tail has been reported with roughly equal 
frequency. Fan shaped and long narrow tails have both been observed. 

Physically, Encke appears to be an old comet which is depleted in 
solid particles, since it has shown little or no continuum spectrum of 
reflected sunlight. Its coma and tail are primarily gaseous, with emission 
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spectra displaying strongly the presence of CN, C_, and C , and weakly 
the presence of CH, NH, NHg, OH, CO , and N2 . A comprehensive 
model of Encke giving estimates of gas and particle densities and distribu- 
tions apparently does not exist. Recently, Encke became the third comet, 
and the first short-period comet, around which an extensive envelope of 
neutral hydrogen Lyman-ot was discovered by measurements from earth 
satellites. 


The following are some elementary parameters describing Encke 
which are relevant to the formulation of the mission concept: 


Orbital period 

Aphelion distance 

Perihelipn distance 

Orbital inclination 

Velocity at 1 AU 

Velocity at perihelion 

Estimated diameter of coma 

Estimated diameter of nucleus 

Estimated minimal length of tail, 
when present 


3. 3 years 

4.1 AU 
0. 34 AU 

12. 0 degrees 

37. 1 km/sec 
69. 9 km/sec 

20 x 10 3 to 360 x 10 3 km 

1 to 4 km 

2 x 10 5 to 2 x 10 6 km 


1. 4 SCIENTIFIC OBJECTIVES AND EXPLORATION STRATEGY 


In formulating the mission concept described herein, it is assumed 
that a precursor mission has established the existence of a compact 
nucleus. The projected mission profile, exploration strategy, and payload 
composition are governed by two principal overall objectives which are, 
in order of priority: 

1. To determine the mass, dimension, physical structure, and 
composition of the nucleus. 

2. To examine the configuration and compos ition of coma and 
tail, together with solar wind interaction processes affecting 
them. 

The priority which is given to investigation of the nucleus does not 
downgrade the importance of other goals. The large net payload and ex- 
tensive maneuver capacity provided by a solar -electric spacecraft strongly 
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suggests that comprehensive measurements throughout the comet's en- 
vironment be included in the mission plan. The assignment proposed 
here of spacecraft resources and capabilities reflects the view that most 
cometary investigation will continue to be by remote (telescopic) observa- 
tion, either with surface or earth-orbiting equipment, and that on-site 
observations should be pursued in such a way as to improve the yield 
from analysis of such earth-based optical measurements. A high- 
resolution imaging system carried by the spacecraft will permit correla- 
tion of phenomena observed optically from outside the comet with observa- 
tions made locally inside the comet. An important further objective is 
to correlate changing solar wind parameters outside the comet with 
processes observed within the comet. The exploration strategy and pay- 
load composition arrived at in this study are addressed to these require- 
ments. 

The primary objectives of the mission will be met by the spacecraft 
penetrating the coma and the nearby tail region and performing excursions 
that permit systematic mapping of physical characteristics provided that 

adequate thermal protection of the spacecraft is feasible. Excursions to 

3 

distances 50 x 10 km downstream of the comet center can be readily 
carried out using the electric propulsion system for maneuvering. During 
this phase the spacecraft will also search for and detect the nucleus 
(unless this has been achieved prior to rendezvous) and approach the 
nucleus for close-up observation. 

1. 5 TYPICAL MISSION PROFILE 

A typical transfer trajectory that arrives at the comet 50 days 
before perihelion is shown in Figure 1-2. 1984 trajectories require 

typically 750 or 1100 days with low-thrust propulsion continuing during 
most of the transfer phase. Propulsion during the last several hundred 
days prior to arrival is critical to matching the comet's orbital velocity 
and to achieving rendezvous. Terminal guidance corrections can be ex- 
ecuted conveniently during this phase, facilitated by the low approach 
velocity. After zero velocity rendezvous the spacecraft will maneuver in 
a flexible manner on command from earth to search for and explore the 
nucleus, coma and tail. Residence time near the comet will be about 
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Figure 1-2. Typical 1984 Encke Rendezvous Trajectory Profile 

100 days but can be extended if desired. This permits in-situ observation 
of the comet through perihelion and perhaps all the way to aphelion. 

In summary, compared with ballistic flythrough the rendezvous 
mission profile offers the following principal advantages: 

• Flexibility of the mission profile, in terms of the departure 
and arrival dates and the shape of the transfer trajectory. 

• Extended residence time at the comet for hundreds of days, 
if desired. 

• Large excursions for systematic mapping and exploration 
of the comet 1 8 head and tail. 

e Ability to search for, rendezvous with, and hover in close 
vicinity of the nucleus, for detailed observation of surface 
features and measurement of gravity. 

e Flexibility of exploration strategy with adaptation to unfore- 
seeable phenomena. 
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1. 6 MISSION CONCEPT OPTIONS 


Figure 1-3 summarises alternative mission options and spacecraft 
types considered in this study and indicates the preferred concepts 
selected by us. The selection made at each level is shown in heavy out- 
line with principal criteria for making each choice stated on the right. 
The following paragraphs briefly describe the selected spacecraft and 
mission concept. These will be discussed in greater detail in Sections 5 
through 7. 


CHARACTERISTICS 


SPACECRAFT 

TYPE 



EMC ICC 

1984 RENDEZVOUS 







l~ 





IA LUST 1C 
SPACECRAFT 


SOLAR ELECTRIC 
SPACECRAFT 


CONFIG; SATION 



— 1 

SPINNER 


J-AXIS CONTROL 


TRANSFER 

TRAJECTORY 





SHORT 

700-400 DAYS 


LONG 

1030-1 ICC DAYS 


ARRIVAL TIME 

EE FORE 


AT OR AFTER 


PERIHELION 


PERIHELION 


DURATION OF 
RENDEZVOUS PHASE 


SHORT 
<30 DAYS 


LONG 
80 DAYS 

PIUS EXTENSION 


EXPLORATION 

NONE 

^^imIteT^^ 

EXTENDED 

MANEWERS 





SELECTION CRITERIA 


PERFORMANCE, 
SCIENTIFIC MISSION 
YIELD 


MISSION FEASIBILITY 


PRORAIILITY OF 

SUCCESS. 

SIMPLICITY 


SCIENCE OBJECTIVES 
(COMET MOST ACTIVE 
•EFORE PERIHELION} 


SCIENTIFIC YIELD 


SCIENTIFIC YIELD; 
SIMPLICITY, 

TIME CONSTRAINT 


DEPLOYED PROBES 




MISSION SIMPLICITY 
AND COST 


Figure 1-3. 


Mission Concept Options 
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1.7 SPACECRAFT CONFIGURATION 


Figure 1-4 shows a typical three-axis stabilized spacecraft con- 
figuration which may be used for this mission. The same configuration 
has been proposed by JPL for several other interplanetary missions in 
the 70' s and 80' s (Reference 1-5). The solar-electric panels, measuring 
40 meters tip-to-tip, can be rotated around their common axis for pro- 
tection against excessive heating when close to the sun, for unconstrained 
thrust pointing, and convenient comet observation. The large gimballed 
parabolic antenna provides unconstrained earth pointing at all times for 
high-data-rate telemetry at tens of kilobits per second. 



The system capacity and the proposed operating modes, deploy- 
ment and maneuver options, and payload assignments are summarized 
as follows. 

A large payload capacity (fifty to several hundred kilograms, 
depending on selected solar electric power level) is available for 
scientific instruments. A portion of the available payload capacity can be 
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allocated, if desired, to extend stationkeeping and maneuver capabilities 
rather than to scientific instruments. Payload capacity can also be 
reduced and propellant loading increased to provide greater flexibility in 
the choice of departure and arrival dates. Thus a reduction of the transfer 
time by nearly one year (to gain time for evaluation and use of the results 
of the earlier Encke flythrough mission) is possible but would reduce the 
payload capacity by more than 50 percent. Arrival prior to perihelion 
permits observation of important sun-comet interaction phenomena and 
correlation with simultaneous observations from earth. Earlier arrival 
implies reduced performance, for example, an arrival 100 days rather 
than 50 days prior to perihelion would reduce the payload capacity by 
40 to 60 percent. 

The large solar-electric power of 10 to 15 kw which becomes 
available after arrival at Encke can be used for operation of sophisticated 
payloads, and for high-data rate telemetry. The spacecraft is three- 
axis stabilized to permit most effective use of solar-electric propulsion. 
Body-mounted scientific instruments can be pointed over a wide range of 
view angles unconstrained by solar paddle orientation. A two -axis 
gimballed scan platform is also provided for convenient pointing of 
selected instruments. 
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2. MODEL DF PHYSICAL CHARACTERISTICS OF COMET ENCKE 


2. 1 PRINCIPAL FEATURES OF ENCKE 

Encke has exhibited at one time or another most of the familiar 
features of comets, the principal exception being a Type II (dust) tail. The 
comet has appeared as a diffuse object without an obvious nucleus, but a 
we 11 -developed, bright condensation has also been noted, and a star-like 
appearance has even been ascribed to the comet's brightest feature. On 
one occasion (1918) two condensations in the coma were reported. 

The tail, when present, has been described as wide (1905), narrow 
and straight (1914), slightly curved (1914), serpentine (1924), short(1937), 
and long (1895). Rapid increases or decreases in brightness have been 
observed, indicating transient variations of the comet's activity, but 
spectacular dynamic effects common to the comas and tails of larger 
comets have not been seen at Encke. 

One feature which seems to be typical of Encke is an elongated 
coma, sometimes fan-shaped, but repeatedly having the nucleus located 
toward the antisolar apex of the eccentric coma. This characteristic 
of Encke was apparent in January 1961, as shown in Figure 2-1. The 
nucleus has even appeared detached and separate from the coma (1937). 

A description of Encke's 1961 apparition given by Roemer (Reference 2-1) 
includes most of the features seen separately or in partial combinations 
at other times. She wrote: "Comet Encke was a rather strange look- 

ing object during January, as it moved into the evening twilight just 
before perihelion passage. The nucleus was a quite sharp, though no 
longer stellar, point at the apex of a fan-shaped coma extending west - 
ward several minutes of arc. Early in January a narrow tail devel- 
oped, and this tail increased both in brightness and in length as time 
went on. " 

The approximate positions of Encke and earth at the time of the 
above observation are shown in Figure 2-2. Westward was sunward of 
Encke when looking at the comet from earth. 

Another consistent characteristic for which Encke is noted is its 
faintness and featurelessness after perihelion. Generally, after 
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perihelion it is difficult to recover, even though its distance from earth 
may not be excessive (see Appendix B). On two occasions, however, in 
1921 and 1951, condensations were reported by post-perihelion 
observers. On individual passes in which a comparison is possible, 
Encke's brightness has been about one magnitude less after perihelion 
than before perihelion, for the same heliocentric distance (Reference 2-2). 

Since the principal features of Encke are by no means universally 
observed, it is important in planning or evaluating a mission to this 
comet to assess the prospects for on-site observation of those main 
features which give comets thur scientific interest. Figure 2-3 displays 
the orbit of Encke and the positions along the orbit where the appearance 
of a nucleus or central condensation (N), tail (T), or coma (C) was first 
reported before perihelion or last reported after perihelion. The 
observations cover the interval between 1885 and 1951 (Reference 2-3). 

The symbol 2N indicates the report, in 1918, of two distinct conden- 
sations. The target point for the rendezvous of this study, 40 days 
before perihelion, is denoted by the small black circle just inside the 
1 AU distance. 



Figure 2-3. Location of First Observation of Encke Features. 
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On some passes, of course, certain features were not recorded at 
all. The data show, however, that a "nucleus" was first sighted when 
the comet was between 0. 9 and 1. 8 AU from the sun in every case where 
it was reported. Thus, the chances are excellent that this feature will 
have been under observation from earth by the time rendezvous is 
achieved in 1984. Since recovery in the sequence of favorable passes, 
and generally in recent years, has taken place when the comet was 
between 1. 6 and 3 AU, it seems almost certain that an ionized, gaseous 
coma is well developed outside of 1. 5 AU and that both the coma and its 
central condensation will be accessible to both earth and spacecraft 
measurements 40 days before perihelion. 

Initial appearance of Encke's tail has often been reported when the 
comet was between 0.4 and 1 AU. However, the initial appearance has 
occurred just as often between 1 and 1. 7 AU. Overall, the appearance 
of the tail has been reported less often than appearance of the nucleus. 
Thus the probability of having the tail in view from earth at the beginning 
of rendezvous is not high. Observation of the tail, or of tail formation, 
by the spacecraft while this feature is still invisible from earth may be 
a valuable contribution of the mission, but any phase of the mission 
directed at recording tail phenomena will have the best prospect of 
success if delayed until the comet approaches within, say 0. 6 AU of 
the sun. 

This conclusion is reinforced by examination of the possible effect 
of solar activity on visibility of the tail. In Figure 2-4, all observations 
of Encke are divided into two classes: those in which a tail was recorded 
and those in which no tail was recorded. For each class, the number of 
cases in each 20-unit interval of Wolf annual sunspot numbers, R, has 
been plotted to form a solid-line histogram (the shading is discussed 
in a later paragraph). The almost raw information represented in 
Figure 2-4 does not take into account variations in viewing conditions 
from pass to pass, but each observational result is associated with the 
sunspot number for the year of observation rather than the year of 
perihelion. The graph suggests that high levels of solar activity are 
more favorable for tail visibility than low levels. 
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Figure 2-4. Histograms of the Number of Times the Tail of Encke 
Was Observed or Not Observed, Versus Sunspot 
Number 

According to Biermann and Luist (Reference 2-4), statistical 
studies have determined that the existence of cornetary tails is independ- 
ent of solar activity. This is not surprising, since the magnetized solar 
wind blows continuously. The implication of Figure 2-4, then, is that 
enhancements in solar activity contribute to raising some property of 
Encke 1 s tail above a threshold separating conditions of visibility from 
conditions of invisibility. 

This leads to an important conclusion for a 1984 rendezvous, which 
would take place about two years before the expected 1986 minimum in 
the sunspot cycle. Figure 2-5 shows the mean sunspot curve shifted on 
the time axis to represent the next sunspot cycle, with the intervals of 
hypothetical 1980 and 1984 rendezvous with Encke indicated on the graph. 
From the figure, the average annual sunspot number of 1984 can reason- 
ably be set at less than 30. The shaded boxes (dashed outlines) in 
Figure 2-4 represent the respective numbers of observations for R < 30. 
The number of apparitions of Encke with no tail outweighs the number of 
apparitions with a tail 2 to 1 in this range of R. It follows that tail activity 
should be at minimal levels during the proposed mission. Visibility of the 
tail from earth will therefore be unlikely for any comet position, based on 
these data. 

The correlation of Encke' s features with sunspot numbers was 
statistically evaluated by Whipple and Douglas -Hamilton (Reference 2-5). 
The results showed that the tail of Encke is observed predominantly when 
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Figure 2-5. Occurrence of Prospective 1980 and 1984 Rendezvous 
Missions with Respect to the Sunspot Cycle 


sunspot numbers are higher than the median and that the "nucleus" tends 
strongly to be recorded when the tail is also recorded. A third correla- 
tion showed independently the tendency for the "nucleus" to be noted at 
times of enhanced solar activity. However, the possible effect of 
Encke's highly variable visibility (Section 2. 7. 1) on the sunspot correla- 
tions was not evaluated by Whipple and Douglas -Hamilton either. The 
effect could be significant, and Whipple (conversation 1972) has stated his 
belief that the correlation with solar activity is in reality a correlation 
with Encke's optical accessibility from earth and that the evidence does 
not establish a clear physical connection with sunspot numbers. One 
implication is clear if these solar activity correlation studies are valid: 
Most recorded apparitions of the nucleus have, in fact, been enhancements 
of a central, bright cometary feature made visible by heliogenic processes 
affecting the material of Encke's atmosphere and were not images of the 
nucleus at all. 

An isolated solar event, or series of events, which can occur 
during solar minimum, might activate the tail and "nucleus" during an 
extended rendezvous. The earth will have at least the western side of 
the disc (from Encke's view) in sight as the comet approaches perihelion. 

If the tail, or condensation, does become visible, there is a fair chance 
that a preceding solar event will be noted and coordinated measurements 
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obtained. The chances of this occurring will improve steadily as Encke 
moves in closer than 0. 6 AU from the sun. When Encke is at 0.6 AU, the 
central meridian from the comet's view will be roughly the east limb 
from the earth's view. Of course, locally the comet may be expected 
to respond primarily to long term, relatively stable solar wind features, 
such as sector boundaries. These features can be monitored with some 
confidence at or near earth assuming they have previously corotated past 
the comet. 

2. 2 DIMENSIONS OF ENCKE 'S FEATURES 

Like those of most comets, the dimensions of Encke are con- 
jectural at best. The only values that can be attached to individual 
features are limits or ranges based on apparent sizes obtained with vary- 
ing observational difficulty. Part of the uncertainty stems, of course, 
from the intrinsic mutability of the coma and tail. Only the nucleus may 
be thought of as having a definite size at all. 

2.2.1 Nucleus 

The nucleus cannot be resolved as an object of distinct outline by 
telescope from earth, but reasonable limits to its dimensions can be 
derived from analysis of the way the brightness of its reflected light 
varies with solar distance. That portion of the comet's light which is 
reflected from the nucleus should be identifiable by its inverse square 
rather than inverse fourth power dependence on heliocentric distance r. 
Unfortunately, it is difficult to resolve the contribution of the nucleus 
to the comet's image, as the preceding discussion indicates. In mea- 
suring the brightness of the nucleus, one must distinguish the faint, 
stellar -appearing nucleus from the much brighter coma. The distinction 
has been attempted in recent years with telescopes of large aperture and 
of long focal length. With such instruments, it is possible in some cases 
to show that the central star-like condensation follows an asteroidal 
law: brightness ocl/(r A ), where r and A are the heliocentric and 
geocentric distances of the comet, respectively. In these cases, it is 
plausible to interpret the measurements as referring to a small body of 
constant radius (the nucleus). Following this interpretatic the radius 
of the nucleus can be calculated, assuming a value for the albedo, and a 
plausible phase function. This was done by Mianes, Grudzinska, and 
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Stanikowski (Reference 2-6) for P/Encke and P/Giacobini-Zinner, and 
later by Roemer (Reference 2-7) for Encke as part of a more general 
comet survey. 

The actual dependence of magnitude on heliocentric distance for 
Encke's "nucleus" is not. even in the best data, strictly asteroidal. 

_4 

Indeed, some asteroids follow the r brightness law. (Reference 2-8.) 
It remains difficult to separate phase and distance effects, and efforts 
are still being made to isolate these factors (Roemer. Marsden, private 

communications). The magnitude estimates used by Roemer are reason- 

-2 -3 3 

ably close to a variation with r , certainly far better than the r * , 

_4 

r dependence typically ascribed to Encke's magnitudes, and probably 
represent an approximation to true data on the nucleus itself, subject 
to qualifications treated in Section 2. 7. 

In computing radii from the magnitude estimates, Roemer followed 
the analysis: 

H n = H 0 - 5 (log R N - log r - log A) - 2. 5 [log A + log <j>(6)]. 


where the magnitude of the sun, 



= -26. 72. and 


r = heliocentric distance of the comet (in AU), 

A= geocentric distance of the comet (in AU), 

R^ = radius of the cometary nucleus (in AU), 

A = the (geometric) albedo 

4>(6) is the phase function, according to Lambert's law. 

The result of the calculation is AR^j = 0. 24, giving the radius 
versus albedo dependence of Figure 2-6. The albedo was assumed to 
lie between limits of 0.02 and 0. 7. The former value corresponds to 
material having the reflectivity of the blackest asteroids (Reference 2 - 9 > . 
and may be compared with the value of *>0.03 for some carbonaceous 
chondrites, the blackest extraterrestrial material known. The 0. 7 value 
corresponds to that of H^O solids and to Venus. Corresponding to these 
limits of A, the radius of Encke was found to lie between 0. 6 and 3. 5 km. 
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An intermediate value of A = 0. 1, roughly the albedo of the moon, gives 
a radius of 1.6 km. (Reference 2-7.) The probable range of R^. indi- 
cated by shading in Figure 2-6 is based on the concept of Encke's 
nucleus as a dying, asteroid-like object of low albedo (see Section 2. 3). 



Figure 2-6. Inferred Size of Nucleus Dependent on Assumed Albedo 

Additional photometric work by Roemer for the same range of 
albedos on 19 periodic comets and 10 nearly parabolic comets showed 
that these values of the radius are typical of periodic comets, although 
a few (e. g. , Ote-ma) are significantly larger. Nearly parabolic comets 
are typically about twice as great in radius; some (e g. , Humason and 
Wirtanen) appear to be very large. However, it is possible that these 
comets are only apparently very large, their great brightness being at 
least in part a result of their possessing an unusually high albedo or an 
optically thick atmosphere or halo. 

2.2.2 Coma 

The diameter of the coma is decidedly variable In Vsekhsvyatskii's 

sj c 

compilations (Reference 2-3) , there are thirty-seven instances, from 
1848 to 1964, in which the observational data on apparent diameter of 
Encke have been evaluated and normalized to produce an estimated 


See also Appendix ,J. 
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" reduced head diameter Dj (corresponding to A = 1 AU) . . . averaged 
over a certain time inverval" . A is the symbol used for earth-comet 
distance; Dj is given in minutes of arc. The interval and the number 
of measurements contributing to each determination of are 
unspecified. 

Figure 2-7 is a histogram of all the values of given by 
Vsekhsvyatskii, converted to kilometers. In some cases, ranges of 
Dj were given, and the two extremes of each range were counted as 
separate items, so there are more than 37 entries (actually 51) contrib- 
uting to the histogram. It is obvious that the bulk of observations 
(65 percent) has given an observable coma diameter of 25, 000 
to 125,000 km. The most probable range of diameters is 75,000 
to 100,000 km. This range is most probable in a special sense for the 
rendezvous mission because the apparent size of Encke is dependent on 
its solar distance, and it is at rendezvous distance (si AU) that the 
comet is commonly measured in this range. Ail but one of the values 
above 1.4 x 10~* km were observed when the comet was beyond 1 AU. 
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OBSERVED COMA DIAMETER, 10 5 KM 


Figure 2-7. Histogram of Coma Measurements Give a Probable 
Diameter less than 10-* km for Encke's Coma. 

Encke's well-known dependence of Dj on solar distance r is shown 
in Figure 2-8(a), where C.V. preperihelian measurements have been plotted 
from which VsekhsvyatsKii's compilation gives a date or distance asso- 
ciated with the reduced diameter. In some cases, distances or diameters, 
or both, are seen to have broad ranges. The direct trend with distance is 
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apparent, but considerable scatter is present. Mucn of the scatter is un- 
doubtedly introduced by the variability of Encke's absolute size. The 
strength of the diameter's dependence on distance is more clearly demon- 
strated in Figure 2-8 (b), where pairs of distance -diameter combinations 
obtained on three individual passes spanning a century are distinguished 
from each other. 




(a) 


« 


Figure 2-8. Dependence of Coma Size on Heliocentric Distance 


The shrinking of the coma with solar approach is consistent with 

behavior expected from theoretical considerations. According to one 

point of view, the visible diameter of the whole coma is proportional to 

the initial (thermal) expansion velocity of the gases, w, and the photo- 

1/2 - 1 

dissociation time t,. If w depends on temperature as T and Tocr 
-1/4 d 

then w ocr . The dissociation time t, depends inversely on solar 

d 2 

radiation, which increases with diminishing r, so ocr . It follows 
that Dj should increase or decrease as r increases or decreases: 

~ ,y,x -l/ 4 2 7/4 

Dj oc(w) (t^) oc r r = r 


In Delsemme's picture of coma formation, the inner coma contains 
an icy halo from which gases are emitted. (Reference 2-10. ) The halo 
itself contracts with solar approach because increasing solar radiation 
reduces the vaporization time of the icy grains (Reference 2-11). 

The observed coma size behavior probably results from a combination of 
both effects. 
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2.2.3 Tail 


The tail of Encke has been highly erratic in observability. More- 
over, the apparent relationship between its visibility from earth and 
solar activity implies that dimensions of the visible part of the tail may 
have little to do with size of the tail itself. Figure 2-9 is a histogram of 
tail lengths. Clearly, the range of measured lengths is extreme, but 
most estimates have been below 10^ km. The two high values were 
obtained when annual sunspot numbers were over 60. If actual tail 
length is proportional to visible tail length, the relatively low solar 
activity expected in 1984, which may leave the tail unobserved from 
earth, suggests that values well under 10^, say (1-2) x 10^ km, may 
be appropriate for that epoch. Maneuvers to carry a spacecraft into the 
tail need not provide extreme excursions in the antisolar direction from 
the comet. 



Figure 2-9. Histogram of Tail Measurements Giving a Probable 
Length Less than 10^ km for Encke's Tail. 

No comparable measurements of tail diameter have been made. 

Theoretical considerations of tail formation, discussed in a later sec- 

3 4 

tion, suggest that the diameter should be between 10 and 1U km, at 
least near the coma. 
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2. 3 THE NUCLEUS OF ENCKE'S COMET 


Direct, observational data on cometary nuclei consist only of 
photometric measurements as a function of distance from the sun (pre- 
ceding paragraphs; Reference 2-7). Further information concerning the 
nucleus of the comet depends upon inferences based on observations of the 
coma and tail, which are composed of material emitted from the nucleus, 
and from studies of meteoroids derived from cometary nuclei (Refer- 
ences 2-12, 2-13. •'nd 2-14), It is possible that some meteoritic material, * 

certain carbonac . chondrites (Cl in the classification of Van Schmus 
and Wood, Reference 2-15), for example, are derived from the nuclei of 
comets (Reference 2-16). It is also possible that some asteroids, notably 
Icarus, are dead comets so that further study of them might be directly 
applicable to cometary research. 

Studies of the comas and tails of comets indicate that not all come- 
tary nuclei are identical. It is possible that cometary nuclei represent a 
uniform type of object initially, but exhibit different stages of a rapid 
evolution (time scale -100-1000 periods) having been subject to relatively 
recent exposure to solar radiations. It is also possible, of course, that 
there really are fundamentally different types of comets reflecting differ- 
ences in their formational processes, which probably took place 
9 

4. 5 - 4. 6 x 10 years ago, A long-range priority goal of cometary inves- 
tigations, both earthbased and from spacecraft, is to obtain data bearing 
on these possibilities and thereby increase our understanding of processes 
during the formation interval of the solar system. 

Inferences based on studies of the coma and tail, and of meteoroids, f 

place considerable constraints on possible nuclear models of Encke, The 
model presented here is eclectic, based on the observations and ideas of 
numerous workers, and the references provided are meant to be helpful 
rather than complete. The obvious uncertainties in the model may pro- 
vide some additional incentive to further earthbased study of Comet Encke ■ 

prior to the actual planning and payload selection of an Encke mission, 
thereby increasing the scientific information obtainable. :: 

L 
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2. 3. 1 Evolution of a Typical, Periodic Cometary Nucleus 


The peculiar changes in periodic comets led to a general model of 
their evolution. The following is quoted from Sekanina, Reference 2-17, 
but with the appropriate figure number changed to refer to Figure 2-10. 

"The evolution of the nucleus of the suggested "core -mantle" model 
is schematically represented in Figure 2-10. Owing to intense 
heating of the surface of tiie nucleus during possibly thousands of 
approaches to the sun, the icy envelope, originally of considerable 
thickness (Figure 2-10(a)), gradually sublimates, the radius of the 
nucleus shrinks (Figure 2 -10(b)), and after some time the underlying 
nonvolatile core becomes exposed to the direct effects of solar rays 
(Figure 2-10(c)). In the subsequent development, molecular desorp- 
tion from the unprotected core's surface replaces free sublimation 
in producing the comet's atmosphere, the transfer of volatiles from 
the core's interior to its surface being provided by activated diffu- 
sion. The ability of the nucleus to regenerate sufficient icy materi- 
als at the surface is gradually weakened with time (Figure 2-10(d)), 
and finally the whole reservoir of volatiles is completely exhausted 
(Figure 2-10(e)). The model comet becomes a "dead" body. 

We believe that Figure 2-10 gives a general idea of the possible 
development of the nucleus of a typical short -period comet, though 
the above description is extremely simplified. To create a more 
realistic model, we should, for instance, assume a nonvolatile 
constituent with mass density and tensile strength increasing and 
porosity decreasing toward the center of the nucleus, and understand 
the surviving deactivated core as only a portion of the original solid 
matrix having sufficient tensile strength to withstand the pressure of 
the ejected gases. This and similar refinements, however, do not 
change the principal character of the model. " 



O O 

u# («> 

Figure 2-10. Typical Evolution of Icy Conglomerate Nucleus. 

Suggested evolution of the core -mantle model; 
dotted areas show the distribution of ices; empty 
area within the circle marks the presence of 
nonvolatile material only. 
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The model sketched above is complex in application. For example, 
the secular acceleration is affected by the phase lag of maximum out- 
gassing as well as by the amount of outgassing. (Marsden, Refer- 
ence 2-18, has deduced that for several comets the phase lag is of the 
order of 6 degrees.) The phase lag must in turn be controlled by the rate 
of rotation, lack of spherical symmetry, and the structure of the outer 
layers of the nucleus, but it is difficult to include the variations of these 
quantities with time in any reasonably simple model. Despite such short- 
comings, the interpretation of nongravitational forces in terms of the icy 
conglomerate model seems to have been successful. In particular, it 
provides an explanation for the characteristics of the orbit of Encke with- 
out invoking an encounter with one of the inner planets. Sekanina, Refer- 
ence 2-19, showed that the aphelion distance of Encke must have decreased 

4 

at the rate of 1 AU/10 years as a result of nongravitational forces; hence 
it is reasonable that it was originally brought into the inner solar system 
as a result of encounters with Jupiter. 

2. 3. 2 Evidence for the Evolution of Encke 's Nucleus 

2. 3. 2. 1 Decline in Magnitude 

The mean absolute magnitude of Encke has declined noticeably since 

1786, when it was first observed. Figure 2-11 shows the secular change 

in the absolute luminosity of Encke for forty apparitions, in terms of the 

residuals during each apparition, for two models of distance dependence: 

4 2 4 

a) Hjg(l/r A ) and b) HjQ,(l/r A), where r and A are the solar and geo- 
centric distances in AU. The solid curves through the observed points are 
obtained from a simple theory of the secular brightness changes (Refer- 
ence 2-5). Figure 2-12, abstracted from a figure of Vsekhsvyatskii and 
Il'ichishina (Reference 2-20), shows a second version of the change in 
magnitude (decrease in brightness) from m* 6 to 10 £ m £14 for the entire 
185 years. Figure 2-11 suggests that the comet will die (i.e. , lose its come- 
tary characteristics) during 1990-2000, but as is evident from the figures 
the agreement between model and observations is fairly rough. Indeed, 
Sekanina, Reference 2-17, in a more careful analysis, deduces that the 
"death date" will be 2030. However "death" is misleading; it might be 
argued that we are witnessing the "birth" of a minor planet, or Apollo-like 
asteroid, and it is perhaps in this respect that Encke is most interesting. 
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Figure 2-11. Decay of Encke's Magnitude witn Time for Two 
Brightness Versus Distance Dependences 
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Figure 2-12. Decline of Encke's Absolute 
Magnitude with Time 


2. 3. 2. 2 Nongravitational Forces 

Encke's was the first comet to show evidence for secular acceler- 
ation, and it was suggested by Encke himself that a nongravitational 
process might be involved (Reference 2-21). These observations have 
been subsequently confirmed by numerous workers, and in fact Encke's 
behavior was the inspiration for the general (icy conglomerate) model. 
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The nongravitational effect was at first attributed to motion in a resisting 
medium, but later work (References 2-22 and 2-23) favored an interpre- 
tation in terms of reactive forces, associated with the ejection of come- 
tary matter (covered in next heading). Similar effects have been reported 
for many other comets. The most complete and recent study is described 
in a series of three papers by Marsden, References 2-8, 2-18, and 2-24, 
and a fourth by Marsden and Sekanina, Reference 2-25. In the first of 
these papers it is definitely established that the nongravitational acceler- 
ation of Encke was 0. 04 day/period for the interval 1947-67. The second 
paper contains the results of computations in which nongravitational forces 
of assumed form were explicitly included in the equations of motion of 
many comets besides Encke, and solutions to the equations were found 
whose orbital elements yielded the smallest residuals when fitted to obser- 
vational data. A continuous, rather than impulsive, force was assumed, 
that increased exponentially with decreasing heliocentric distance and 
decreased exponentially with time. The nongravitational force was intro- 
duced with its full three components, F^, F£, F^ in a rotating frame, the 
first radially outward, the second in the orbital plane normal to the first 
and positive in the direction of the comet's velocity vector, and the third 
normal to the orbital plane and positive in the right-handed sense with 
respect to the other two (northward). For most comets, F^ and F ^ are 
positive, with Fj/F£ * 10, i.e., with a net force outward and about six 
degrees from the radial and in the forward direction of motion. For 
Encke, the best solution for the in-plane forces (smallest residuals) give 
negative values for both Fj and F 2 , with F^/F 2 = 5/3. This implies a 
net nongravitational force pointing toward the sun and opposing the orbital 
velocity, 194 degrees to 210 degrees from the outward radial (counter- 
clockwise, looking down from north of the orbital plane). The out-of- 
plane component was found to have no significant effect on the residuals, 
but inclusion if the long-term time dependence of the forces was necessary 
to maximize the agreement with observation. 

Although the solutions just described gave a good formal fit of the 
orbital elements to observed parameters of Encke's trajectory, projection 
of the trajectory backward in time gave cumulative, systematic disagree- 
ments with measurement. The third paper of the series (Reference 2-24) 
describes a still more elaborate force function ha ving a double -exponential 
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time dependence. Application of this form removed some of the systematic 
error. Examination of various sets of solutions for the nongravitational 
forces (in both References 2-18 and 2-24) showed that while the "transverse" 
force F^, remained fairly steady from set to set, the radial component Fj 
was not so reproducible, even becoming positive in one case. Recent 
unpublished work (Marsden, private communication) has shown consider- 
able historic variation in the apparent radial component, although the two 
solutions of the most recent years, based on the most reliable data avail- 
able, have been consistent and have yielded a positive Fj. In sum, the 
radial component is not well determined, but, very importantly, it is 
definitely not outward and ten times the transverse component, as for 
other comets, so that the angle of the net force to the radial direction is 
probably not as small for Encke as for most comets studied by Marsden. 

In the fourth paper of the series (Reference 2-25) some additional 
inferences about the composition and nature of the nongravitational forces 
are drawn, based on a physical model of forces developed by Sekanina, 
Reference 2-17. One important quantity is an isotropy factor X. , which is 
a measure of the net unidirectional force on the nucleus caused by the 
center of most of the escaping gas. Essentially, X. is the fraction of 
escaping mass emitted in the direction of escape of the center of mass of 
emitted gas. Perfectly isotropic emission would yield no net force and 
would correspond by definition to X. = 0; perfect anisotropy, i. e. , emis- 
sion from a restricted region of the nucleus all in one direction, would 
correspond to X = 1, An anisotropy caused by vaporization proportional 
to solar insolation* would have X. = 0. 44. The paper of Marsden and 
Sekanina (Reference 2-25) quotes a recent estimate of Sekanina 's that, for 
Encke, X.®0. 3, as if 30 percent of the mass emitted from Encke's nucleus 
were lost in a single direction, thus providing the thrust responsible for 
its nongravitational force. The value X. = 0. 3 was derived on the assump- 
tions of constant emission at 600 m/sec and of a large ratio of transverse 
to radial force components. The authors concede that the actual value of 
X is "very uncertain. " 


Insolation synonymous with incoming solar radiation flux. 
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2.3.2. 3 Nonvolatile Component of Encke's Nucleus 


Evidence for the presence of nonvolatile compounds in cometary 
nuclei is provided by the dust tails often associated with new and long- 
period comets (Reference 2 -13) and by the presence of reflected solar 
continuum in the spectrum of the comas and tails. A spectrum of Encke 
showing continuum at 0. 76 AU, before perihelion in 1947, appears in the 
Atlas of Representative Cometary Spectra, Plate 16, University of Liege 
and Astrophysics Institute (1955), compiled by Swings and Haser. For 
this comet, the ratio of the intensity of the 5165A band to the continuum 
is >5 at a solar distance of 0. 68 AU, whereas at the same distance the 
nearly parabolic comets Arend -Roland and Mrkos had a corresponding 
ratio of 2. 0 (Reference 2-26). The dust component of Encke's coma is 
thus very weak. However, the Taurid meteors, which are derived from 
Encke at some rather uncertain time in the past, are relatively rigid 
structures, show practically no fragmentation, but have average mass- 
luminosity properties (References 2-27 and 2-28). This represents evi- 
dence for the former presence of relatively nonvolatile substances in the 
nucleus of this comet, and it is assumed that a residual nonvolatile com- 
ponent is still present. 

2.3.3 Model of the Nucleus 

The evidence discussed above leads to the following tentative model 
of the nucleus of this comet, based fundamentally on the icy conglomerate 
model of Whipple, Reference 2-23 (1951) and its more recent extension by 
Marsden and Sekanina, Reference 2-25, and by Sekanina, References 2- 17, 
2-29 and 2-30, as quoted earlier. Models of this general kind appear 
most suited to explain the diversity of phenomena observed in Encke's 
comet as well as others i. e. , models of gas loss from icy nuclear com- 
ponent. The nucleus is viewed as an icy conglomerate of meteoric, or 
lithic, matter mixed with, or containing a mantle of, frozen gases, mostly 
water-ice or clathrite components. Whipple, Reference 2-23, showed 
that the secular acceleration can be accounted for on the basis of mass loss 
from a rotating, icy -conglomerate nucleus. An ittempt to describe the 
secular change of the magnitude in terms of the icy conglomerate model of 
comets was made subsequently by Whipple and Douglas -Hamilton (Refer- 
ence 2-5). 
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2. 3. 3.1 The Residual Core 


The weakness of the continuum radiation from Encke suggests that 
relatively little solid material is being ejected by the comet, in contrast 
to younger comets, as described by Sekanina. The peculiar asymmetric 
behavior of the gaseous coma of Encke with respect to its brightness 
before and after perihelion passage also appears to be consistent with the 
idea that most of the small -sized, loose solid material has long been lost 
and that the nucleus now consists of a relatively stable, but porous, non- 
volatile core surrounding or containing an icy -conglomerate component. 
There is a fair probability that, in fact, Encke is evolving into an asteroid 
very much like Icarus. 

Thus, comet Encke is a highly evol- •< d .omet of the core -mantle 
type which may originally have consisted of a mantle of volatiles and dust 
particles overlying a porous core consisting primarily of nonvolatile 
meteoric material, possibly similar to type 1 carbonaceous chondrites, 
but also containing ices of volatile materials within pores and crevices of 
the core. These ices primarily consist of H^O, probably containing other 
more volatile materials as clathrates. In the case of Encke, the mantle 
has been lost by sublimation due to solar radiation, and the residual 
activity of this comet requires the migration of volatile material to the 
surface before it can be emitted into the coma. In such a model the sur- 
face is presumed to be steadily supplied with volatiles which condense fol- 
lowing sublimation from the core; the temperature of the surface and its 
condensations varies greatly along the orbit, and on approaching the Sun 
it becomes sufficiently high for the evaporation rate to be so enhanced as 
to exhaust the immediate supply of condensed volatiles. We must be pre- 
pared to take thie feature of Encke into account in interpreting observations 
obtained from a rendezvous mission in terms of general cometary 
characteristics . 

The model assumes the nucleus to be rotating about an axis normal 
to the plane of its orbit. In this orientation, the nucleus is expoeed to the 
sun's rays equally before and after perihelion, so the only explanation 
possible for its unequal magnitude before and after perihelion is depletion 
of volatile materials on the surface during the inbound journey. If the 
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spin axis were in an arbitrary direction, not necessarily normal to the 
orbit plane, the comet's asymmetric behavior with respect to perihelion 
might imply an irregular, nonuniform surface which exposes an accumula- 
tion of volatiles to the sun inbound, but shadows the pocket outbound. 
Attempts to separate inbound and outbound nongravitational forces have 
not yielded a positive result, largely because post-perihelion data on Encke 
are of poor quality (Marsden, private communication). This "orientation 1 
explanation of Encke's visual behavior would modify, but not necessarily 
exclude, the hypothe s of migrating volatiles. 

2. 3. 3. 2 Mass Loss 

Sekanina, References 2-17 and 2-19, developed a formula relating 
the mass loss AM/M to the nongravitational forces. His careful analysis 
indicated that the mass -loss rate for a typical comet must be of the order 
of 0,01-1 percent of the total mass per revolution. For Encke, the aver- 
age mass -loss rate during the last 40 years is estimated to be 0. 03 - 
0.7 percent per revolution, assuming the gas leaves the surface of the 
nucleus with a mean speed in the range 220-500 m/sec~*. Indeed, AM/M 
for Encke has been calculated as s function of time fSekanina, Refer- 
ence 2-19), with the result that AM/M has decreased from 0. 24 to 
0.03 percent per revolution between 1800 and 1967. Marsden and Sekanina, 
Reference 2-25, give AM/M»0. 03 percent for the 1967 pass. 

The variation of Encke's "nongravitational parameter" (k) versus 
time is shown in Figure 2-13 (from Reference 2-17) and mean valuer of 
both k and the mean absolute magnitude (Hjq) for short periods are given 
in Table 2-1 (Reference 2-19). The curves of Figure 2-13 represent 
theoretical formulas for the acceleration (due to mass loss) k appearing 
in Sekanina 's paper. At the present time the nongravitational effects on 
Encke appear to be regular hence predictable, rather than erratic as is 
the case for other comets, e. g. , Schaumasse. 
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Figure 2-13. Wongravitational Acceleration k 
(S econds per Orbit) Versus Time 


Table 2-1. "Dynamical" and "Photometric" Mass Loss Rates and 
Their Effective Ratio (R) for Encke During 1786-1967 


Comet _/ 

(AU) 


e 


Encke 0.34 0.847 


Apparitions 

K 

H 10 

(mag) 

AM, 

dyn 

(grams) 

AM , 
phm 

(grams) 

log R 

1786-1819 

+79.8 

8.3 

9.3.10 13 

1.1. io 11 

2.91 

1819-1838 

+58.0 

8. 5 

6.7. 10 13 

9.9.10 10 

2.83 

1819-1848 

+58.7 

8.6 

6.8. 10 13 

9.2. 10 10 

2.87 

1829-1848 

+63.3 

8.8 

1 3 

7.4.10 1 ' 5 

7.8. 10 10 

2.97 

1819-1858 

+60.0 

8.7 

1 3 

7.0.10 iJ 

7.9. 10 10 

2.94 

1858-1868 

+50.0 

8.9 

5.8.10 13 

6.6. 10 10 

2.94 

1868-1885 

+37.3 

9.5 

4.3. 10 13 

3.8. 10 10 

3.06 

1871-1881 

+32.4 

9.6 

3.8.10 13 

3.5. 10 10 

3.04 

1871-1885 

+36.5 

9.7 

4.2. 10 13 

3.4.10 10 

3.09 

1868-3 895 

+42.0 

9.5 

4.9. 10 13 

4.0. 10 10 

3.08 

1871-1895 

+40.6 

9.5 

4.7. 10 13 

3.8. 10 10 

3.09 

1895-1905 

+29.5 

9.7 

3.4.10 13 

3.2.10 10 

3.03 

1898-1911 

+27.2 

10.1 

3.2.10 13 

2.3. 10 10 

3.15 

1905-1914 

+22.5 

10.2 

2.6.10 13 

2.0. 10 10 

3. 11 


2-22 



u 



Table 2-1. "Dynamical" and "Photometric" Mass Loss Rates and 
Their Effective Ratio (R) for Encke Daring 1786-1967 
(Continued) 


Comet q e 
(AU) 


Apparitions 

K 

H 10 

(mag) 

AM. 

dyn 

(grams) 

AM , 
phm 

(grams) 

log R 


1924-1934 

(+22.8) 

11.3 

(2.6.10 13 ) 

7.2. 10 9 

(3.56) 

-‘j* 

1931-1937 

+ 15.4 

11.1 

1.8.10 13 

9.1.10 9 

3.29 


1931-1947 

+16.3 

11.3 

1.9.10 13 

7.9. 10 9 

3.38 

> 

1937-1951 

+ 12.4 

11.1 

1.4.10 13 

9.1.10 9 

3.20 

0 

1937-1954 

+11.9 

11.3 

1.4.10 13 

7.3. 10 9 

3.28 

- 

1947-1957 

+12.6 

11.1 

1.5.10 13 

8.9. 10 9 

3.22 

*4 

/- 

1947-1967 

+10.9 

11.8 

1.3.10 13 

4.3. 10 9 

3.42 

'T 

i. 
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2. 3, 3. 3 Radius, Mass, and Gravity 

Marsden and Sekanina have re-evaluated Roemer's (Reference 2-7) 
calculation of the radius of Encke by using a phase function more appro- 
priate to the unmantled core of meteoric material than Lambert's law, as 
assumed by Roemer. Their assumption of a geometric albedo of 0. 1 
leads to a radius of 1.8 km. Uncertainty in the porosity of the residual 
volatile material causes some uncertainty in the density. An assumed 
density of 1. 0 leads to a mass of 2 x 10^g. Matsen (Reference 2-9), has 
reported much lower albedos, in the range of 0. 01 to 0. 02 for some 

asteroids. The surface of these bodies probably consists of carbonaceous 

# * 

material. If the surface of Encke is similar, and is free of highly reflec- 
tive icy material, a similarly low albedo may be appropriate. An albedo 
of 0, 02 leads to a radius about 2. 2 times larger, and a mass of about 
2 x 10 17 g. 

When the uncertainty in radius is combined with the uncertainty in 
the density of comets, the uncertainty range of mass becomes large. In 
the case of Encke, the combination of a low density (e. g. , 0. 1 g/cm , 
corresponding to a porous structure) and a high albedo leads to a mass 


-£ 
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of about 10 g, On the other hand, the combination of a high density 
3 

(e.g. , 3 g/cm , corresponding to silicate rock) with a low albedo leads 

17 

to a mass of 5 x 10 g. If we take the mass to be on the order of 

10^ -10 17 gm, the acceleration of gravity at the surface is 0*025 - 

-2 ~ - 1/2 
0. 25 cm sec . Note that the derived radius scales as A , the mass 

-3/2 -3 ; 2 

as A , and the acceleration of gravity as A . 

2. 3. 3. 4 Chemical Composition 

Indirect information concerning the chemical composition of the 
nucleus may be obtained from emission spectra of the coma and tail. For 
Encke, strong lines of CN, C^, and C^, with weak lines of CH. NH, OH, 
CO + , and N^+ (References 2-31 and 2-32) are observed. These compounds 
are almost certainly not constituents of the nucleus but derived by dissoci- 
ation of compounds such as ^O, NH^» CH^, anc * P oss *bly more 

complex molecules. While it is not possible to infer the abundance, or 
even the exact nature of these parent molecules from the spectral data, 
the spectra indicate that the abundant elements of the C, N, O group played 
a major role in the condensation and accretionary processes leadi.ig to 
the formation of the cometary nucleus. Hydrogen is present at least 
insofar as it combined to form compounds such as H^O, NH^, and CH^, 
and as indicated by hydrogen Lyman- a emission observed surrounding 
Encke (around one tenth the amount surrounding comet Bennett). It is 
likely that highly volatile compounds such as CH^ are trapped as clathrate 
compounds (Reference 2-10). Helium, and the other inert gases were 
probably depleted, whereas the lithophilic elements Mg, Fe, Si, Ca. etc. 
were probably present in something like their solar abundance relative to 
the CNO group. This assumption leads to the conclusion that about 
20 percent (by weight) of the cometary nucleus consists of oxidized com- 
pounds of these elements. 

2.3.4 Relationship of Encke to the Taurid Meteors 

It is established that the Taurid meteor shower is associated with 
ejecta from Encke. Since volatile materials would be quickly lost from 
such small bodies well beyond their perihelion distance, the existence of 
these bodies is clear evidence that the nucleus of Encke contains a non- 
volatile component. The atsence of fragmentation in these meteors 
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indicates that this nonvolatile material is well bonded. Taurids are 
observed not only as relatively small ( ~ 1 g) photographic meteors, but 
also as bright fireballs photographed by the Smithsonian Astrophysical 
Observatory, indicating the presence of bodies up to tens of kilograms in 
this meteor stream (Reference 2-33). 

Estimates of the age of this stream (Reference 2-34) are in the 
range of thousands of years. If correct, these calculations show that 
Encke's comet has been a member of the inner solar system for a long 
time, and lost a large amount of mass, both in volatile and nonvolatile 
form. 

It is difficult to estimate the mass of material in the Taurid stream, 

as its dimensions are not known. If it is assumed that the present mass 

of Encke is 2 x 10^g (corresponding to a radius of 1. 8 km and a density 
3 

of 1 g/cm ), and that the average mass loss AM/M per orbital period 

over the last century is 0. 2 percent, then the recent rate of loss of mate- 

13 

rial from Encke is about 10 g/yr. Although the relatively great age of 
Eacke (in terms of time spent in the inner solar system) argues in favor 
of its nucleus being enriched in nonvolatile material over its original 
value of -20 percent, it is likely that gas loss still predominates over 
loss of nonvolatile matter, so a rate of loss of particulate matter of the 
order of 10 1 g/yr or less is plausible. This must be primarily in the 
form of large particles (e. g. , - 1 cm and larger) to account for the absence 
of solar continuum radiation from its coma at the present time. 

Monte Carlo calculations (Weth^rill, unpublished) indicate that approxi- 
mately 10 percent of the solid matter in this size range ejected from 
Encke will ultimately strike the earth, provided that the particles are 
sufficiently strong to resist prior disruption by collision with interplane- 
tary matter in the -10 years for the earth to sweep up this material. If 

Encke has been more or less in its present orbit for 1000 years, the total 

1 3 

ejected solid matter is - 10 g at the rate assumed above. These calcula- 

7-8 

tions indicate that the fraction swept up per year will be 1 0% / 1 0 = 10” , 

giving a total yield of ~10^g/yr. The actual impact rate of Taurids is 
gre.s .er, perhaps -10 g/yr, probably in part as a consequence of the 
argument of Encke's perihelion having been such that over this period of 
time clo»e approaches to the earth have had a greater probability than 
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that associated with a random orientation of the argument of perihelion. 

In addition, the rate of mass loss was probably greater in the past. 

Liller (Reference 2-26) estimates the mass of a "new" periodic comet to 
18 17 

be - 10 g, therefore containing -2x10 g of nonvolatile matter. During 
the initial phase of the comet's life, much of the emitted matter would have 
been in the form of micron-size particles, subject to nongravitational 
forces such as radiation pressure, Poynting -Robertson effect, and solar 
wind impact. The survival of five percent of this mass in the form of 
large particles would lead to a mass in the Taurid stream of ~10^g. 
Although all these calculations contain large uncertainties, estimates of 
the rate at which meteors from the Taurid stream strike the earth are 
consistent with estimates of the rate of loss from the nucleus of Encke. 

It seems most plausible to suppose that the nonvolatile material 
from which the meteoroids are derived was detached from the nucleus 
near perihelion, being swept along with the escaping gas. However, 

Hamid and Whipple (Reference 2-35) have concluded that the dispersion 
among the Taurid orbits indicates that ejection took place in the asteroid 
belt, , resumably because of collisons with asteroidal material. The mass 
of material in the Taurid streams is inconsistent with the yield expected 
from a well -bonded body of this size moving through the asteroid belt 
(Reference 2-36). It is possible that the sublimation of icy material near 
perihelion leaves loosely bonded nonvolatile material on the surface, 
which is more readily removed by collision in the asteroid belt, or that 
cometary flares in the asteroid belt ejected this material at an earlier, 
more active, stage in the history of the comet. 
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2.4 THE COMA OF ENCKE'S COMET 


2.4. 1 General Properties of Cometary Comas Applicable to Encke 
2.4. 1. 1 Gas Emission 

The simplest model for the coma of a comet assumes spherical 
symmetry of the nucleus both in terms of its physical properties and its 
temperature, and the rotation of the nucleus and all temporal effects 
(both transitory and evolutionary) are ignored (Reference 2-37). Since 
the cosmic abundance of oxygen is large relative to that of carbon and 
nitrogen, it is assumed tnat the bulk of the gas which escapes from the 
nucleus is (References 2-38, 2-39. 2-40, 2-41). It is not obvious 
on theoretical grounds that this must be the case, since H^jO is less 
easily vaporized than other volatiles (see Figure 2-14). However, since 
OH and large quantities of H are observed to be associated with P/Encke, 
it seems reasonable to assume that is the dominant molecule. More- 
over, the laboratory work of Delsemme and Wenger (Reference 2-10) 
suggests the gases more volatile than are incorporated with water 
in the structure of clathrate snows, so that independent vaporization 
rates may have limited meaning in the actual cometary environment. 

The predominance of among the volatile components of another 

comet (1969g) has been argued by '-.elsemme (1971) (Reference 2-42) on 
the basis that an observed, identical heliocentric dependence of both H 
and OH" light flux probably arises from a three-step process in which 
vaporization of water is the most plausible first step. Other molecules 
can be assumed to be carried along with the ^O gas, but to behave 
independently as far as photochemical and plasma interaction processes 
are concerned. 

It is expected that gas leaves the surface of the nucleus at approxi- 
mately the speed of sound corresponding to the temperature of the 
surface, and that the Mach number is unity at the surface, correspond- 
ing to 400-700 m sec"* for surface temperatures of 250-750 °K. As a 
consequence of the spherical divergence of the flow, the Mach number 
increases rapidly, as shown in Figure 2- 15a for * * 1 AU, and beyond 
a distance equal to a few times the radius of the nucleus the bulk speed 
is essentially constant and the temperature very small. The number 
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Figure 2-14. Vaporization rate z, 
mol cm -2 sec , for various snows 
as a function of heliocentric distance, 
in AU, computed for the steady state 
temperature of a rotating cometary 
nucleus with an albedo a = 0. 1 


densities of and other molecules 
decreases approximately as the in- 
verse square of the distance from 
the nucleus out to a distance of the 

4 

order of 10 km, where the effects 
of photodissociation become im- 
portant. Figure 2- 15b illustrates 
the exchange of dissociation products 
for water with increasing distance 
from the nucleus. 

The radius of the region with- 
in which the gas is mostly in the 
form of parent molecules must be 
of the order of r /V, where T is the 
characteristic time for photodis- 
sociation by sunlight, and V is the 
expansion speed of the undissociated 

gas. Since for most molecules, 

4 5 

T 10 -10 sec at 1 AU, the charac- 

teristic size of the "molecular" 


o, oh, o 


RADIAL DISTANCE FROM NUCLEUS (KM) 

Figure 2- 15(a). Velocity Profiles 
for the Cometary Atmosphere at 
1 AU 


RADIAL DISTANCE FROM NUCLEUS (KM) 

Figure 2- 15(b). Density Profiles for 
a H 2 O, OH, H, O Cometary Atmo- 
sphere at 1 AU (According to a 
Calculation by Mendis et al, ) 
(Reference 2-37) 
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region must be of the order of 4 x 10 -4x10 km at 1 AU. The region 

must shrink as the comet approaches the sun, since V is a very weak 

2 

function of r, whereas roc 1/r . On the other hand the total brightness 
of the coma must increase as the comet approaches the sun since this 
depends only on the 3olar photon flux and on the total number of molecules 
present, unless the coma is optically thick. 

The overall distribution of a given species of parent molecule 

_2 

should be such that the dencity varies as r exp (-V/rr), with the appro- 
priate value of t being used for any given species. As indicated in Fig- 
ure 2- 15b, neutral daughter products should be absent from a small 
region around the nucleus, and beyond that their density must decrease 
less rapidly than that of the parent molecules, since the dilution 
associated with the spherical expansion of the flow is to some extent 
counteracted by continued production. Eventually, however, when the 
parent molecules are removed, the density of the daughter products in turn 
decreases rapidly as they too are removed by photodissociation, photo- 
ionization, or collisions with solar wind particles. In the case of H 
atoms, the main loss process is charge exchange with solar wind 
protons, but for other species the main loss processes are probably 
photodissociation in the case of molecules and radicals, and photo- 
ionization in the case of atoms. In order to conserve momentum, any 
excess energy (i. e. , above that required for dissociation) should be 
given mainly to the lightest of the daughter products if it is not absorbed 
in electronic, vibrational, or rotational excitation. Thus we must 
expect that the atomic hydrogen component of the coma gas may be 
strongly heated, and can therefore expand at a considerably higher 
speed (i. e. , perhaps several kilometers per second), than the 
400-700 meters sec"* to be expected tor the parent molecules and 
heavier radicals. This higher speed, together with a smaller loss rate, 

enables the atomic hydrogen component of the coma to extend to far 

5 6 

greater distances than any other component (i. e. , 10 -10 km). 

These estimates of the expansion velocities and radial scales 
for the density variation of the neutral gaseous coma are essentially 
independent of the comet concerned, since the stat/ ’ the nucleus does 
not affect any of the arguments substantially. The nui . \us must, of 
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course, control the net flux of parent molecules so that the number 
density at any given distance from the nucleus can be expected to vary 
from one comet to another, even if the scales of the spatial variations 
must be more or less the same. Some distortion of the atomic hydrogen 
coma from a meteorless spherical distribution can be expected since 
the radiation pressure of solar Lyman-o is comparable with solar 
gravity, and this presumably is the explanation for the slightly 
elongated emission contours that are observed for the scattered Lyman-o; 

(Figure 2-16). This observation of Comet Bennett was made by OGO V. 

An important consequence of an expanding cometary coma is that 
it will cause solid material (perhaps coated with ice) eroded away from 
the surface of the nucleus as the volatiles evaporate to be blown away 
from the nucleus. For a particularly active comet, the nucleus may 
be completely enshrouded by radially moving grains so that the apparent 
magnitude of the nucleus can change significantly. The dynamics of grain 
motion has been discussed by Finson and Probstein (Reference 2-44), and 
Delsemme et al., (References 2-10, 11, 42,45). As far as the 
grains are concerned the flow is free-molecular, although the expansion 
of the coma gas as a whole is essentially hydrodynamic. The very 
smallest grains could, in principle, achieve speeds as large as the 
expansion speed of the gas (i. e. , several hundred meters sec “*); how- 
ever, speeds of the order of 1-10 meters sec** appear more likely for 
snowflake-sized particles. The thin, sheet-like structure of Type II 
tails is clear evidence that most of the grains involved have not been 
accelerated to very high speeds. The smallest grains are strongly 
affected by solar radiation pressure, and all grains which undergo a 
substantial mass loss by evaporation may have their trajectories 
affected if the mass loss is not symmetrical. 

2.4. 1.2 The Icy Grain Model 

Delsemme and Miller (Reference 2-45) have pointed out that the 
processes of photodissociation and ionization associated with emission 
of neutral gas from the nucleus cannot account for all the properties 
of th coma and tail because the solar flux is insufficient over a 

4 

i0'-10 km cross section of neutral gas at several AU to account for 
the amount of excited material needed to supply these features. They 


2-31 



have suggested that gases emitted from the nucleus are already in the 
form of radicals or molecules in elevated energy states. Also, the 
desorption times of gases trapped on an icy nucleus are too long to pro- 
vide the observed mass of the coma. 

Combining these objections with the results of laboratory experi- 
ments simulating cometary conditions (Reference 2-10), Delsemme 
and Miller proposed a model of cometary emissions along the following 
lines: The tvpe of envi ronment in which comets find themselves when 
far from the sun favors the condensation of water in a snowy, lattice- 
like, rather than smooth, icy form (e. g. , CH^ • 6H,0). The snowy 
substance is a clathrate if it iB or partially formed of radical gases. As 
a cometary nucleus including an exposed clathrate component approaches 
the sun, some of the most volatile absorbed gas or ga-es of the core or 
icy mantle (CH^ is a good candidate) is desorbed by energy from the 
increasing solar fl»xx and expelled from the surface r f the nucleus. On 
being expelled, the gas detaches small fey grains of the snow, an effect 
consistent with that observed in the laboratory, and presumably releases 
frozen nonvolatile particles as well. The gas molecules are then accel- 
erated and dissociated and ionized. In leaving the nucleus, the escaping 
gas blows the smaller detached icy grains and released dust along with 
it. The grains in turn contain more trapped, volatile gas which they 
release by absorbing solar radiation as they move outward. They also 
evaporate to water vapor as they go, and the trapped gas molecules 
break them up further as they escape from the grains themselves, 
perhaps releasing additional dust as well. Water vapor is, of course, 
evaporated directly from ice in the nucleus as well. 

The result of the process should be to surround the nucleus with 
a halo of icy particles which are accelerated from the nucleus along with 
the primary neutral gas. The grains become progressively smaller 
with increasing cometocentric distance because of sublimation by iolar 
energy and pulverization by secondary desorption of additional trapped 
gas. The grr.-ns presumably deliver radicals to larger cometocentric 
distances in this way, acting as a surrogate nucleus of enlarged diam- 
eter in p*ice of an inner coma of pure neutral gas. 
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The icy halo model has implications with respect to every cometary 
feature, but the model is still too new to have been evaluated thoroughly 
in all its ramifications. No attempt at such an evaluation is made here, 
but selected attributes of the halo are quoted or deduced where appropriate. 

Delsemme and Miller (Reference 2-11), in the third of a series of 
four papers on the halo, give considerable attention to vaporization rates 
of var’ i’s possible volatile constituents of cometary ices. Their estimate 
of the number and mass of grains in the halo follows (reproduced from 
their paper): 


"Two ways are open to assess the possible number of grains 
in the halo: the laboratory experiments (paper I) and the 
cometary observations. 


In the laboratory, the production rate observed was only 
assessed visually. This eives an order of magnitude of 
one grain cm-2 sec - *. ±ne average grain's diameter is 
0. 6 mm (Fig. 2A, paper I). With an apparent density of 
0.44 cm-3, its averse mass is about 5 x 10"® g, giving a 
mass production rate of grains of 5 x 10-5 g cm"2 sec‘1, 
as compared with a mass production rate of water vapor + 
methane of 2-65 x 10*® mol cm’ 4 sec"* = 8 x 10’5 g cm"2 
sec"*. The ratio of the grain and gas production rates is 
therefore m = 0-63, whose order of magnitude only should 
be meaningful. 


The assessment from cometary observations relies on the 
comparative brightness of the central condensation to the 
global brightness of the continvum. In many comets 
showing a continuum, and in particular in new quasi- 
parabohu comets which usually show a strong continuum 
the light distribution is often stronger in the continuum 
than in the molecular emissions. (On the other hand: 

E. Roemer's determinations (1969) show that in most 
cases, the brightness of the head is, on the average, 
at least five magnitudes, that is 100 times brighter, than 
the central condensation.) Assuming that the albedo of 
the grains is the same as the albedo of the nucleus, the 
total cross sectional area of the visible grains is at least 
100 times larger than the cross sectional area of the 
central condensation, which might still be slightly 
brighter than the 'true nucleus 1 . This conclusion i,< inde- 
pendent of any phase function, as it would be the same for 
the nucleus and the grains. If we assume a spherical 
nucleus of 2 km radius, its cross sectional area is 
10**- * cm^. This means a cross sectional area of at 
least 10*3. 1 cm2 for the visible grains. The initial mean 
diameter of the grain being 0. 6 mm, as the evaporation 
proceeds linearly, the average cross-section per grain 
is 10-2. cm2 anc j there are 10*° gr visible in the coma. 


2-33 



This result implies that the number density of the grains 
is small enough to see almost all of them. Their life- 
time being 10?. 5 se c (Section 9. formula (25), with 
Z = 1017.2), there is a grain production of 10H* 5 gr/sec'l, 
or a produ Ton rate of 0. 67 g-/cm-2 sec-1. Their initial 
mass being iO -4 * 3 g, the mass flow rate of the grains is 
about 107»2 g sec*l, or a mass flux of = 10 -4 * 5 g 
cm-2 sec~l. Therefore m = 0.43. 

This could be a lower limit, as it is based on the assumption that 
the central condensation brightness is the brightness of the true 
nucleus. It could also be an upper limit as the fine dust component 
might also contribute a sizable fraction of the continuum light even 
if its mass component remains negligible, because of the small 
size of a large number of grains, therefore diminishing the con- 
tribution of the large icy grains. The fact that our two assess- 
ments point to the same order of magnitude shows that there is 
at least no inconsistency. " 

One of the principal effects of the halo phenomenon would be to 
alter the relative amountB of constituents of the coma at various dis- 
tances from the nucleus. Since some of the water vapor would be pro- 
duced by sublimation of the expelled grains rather than the snow or ice 
of the nucleus itself, and some radicals would be preformed in the ice, 
having been deposited with, and trapped in, the snow, the curves of 
Figure 2- 15b should be modified to account for the necessary redistribu- 
tion of densities. No quantitative assessment of the redistributed densi- 
ties is available, but radical modification is not anticipated. The relative 
grain and gas production rates quoted above suggest that perhaps half the 
water in the coma arises from the grains rather than the nucleus, thus 
flattening the initial slope of the H^O curve in Figure 2- 15b and moving 
the remainder of it outward. Adjustment of the other curves would have 
to be made accordingly. 

The dynamic behavior of icy grains is treated extensively in the 
third paper of Delsemme and Miller. Most grains reach their terminal 
velocities of 0. 1 to 1 km/sec within 1000 seconds of their departure from 
the nucleus. The size of the halo is also estimated in this paper. The 
radius of the halo is not unique but is a function of grain size. Fig- 
ure 2-17 and its caption, adapted from Delsemme and Miller (Refer- 
ence 2-11), show the dependence of halo radius on certain selected 
particle sizes. The unshaded section of the graph defines the range of 
heliocentric distance, 0. 34 to 1 AU, applicable to the 1984 Encke 
rendezvous. 
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Figure 2-17. Extent in Kilometers of a few Icy Halos Built 
Up with Grains of a Single Size, as a Function 
of the Heliocentric Distance, AU. 

The parameters correspond to grains of clathrate hydrates plus 
some free methane (k = 5, A q = 0. 9) stripped from a nucleus whose 
radius is 2 km. Eighty- seven percent of the distribution observed in the 
laboratory lies between the two solid lines (a Q = 0. 1 and 1 mm); the 
radius of grains is given for other hypothetical halos in dotted and dashed 
lines. The envelope of all halos for different particle sizes is also shown 
by a thin solid line near log = 4. 2 for a nuclear temperature of ZOO^K, 
and log = 3.9 for a nuclear temperature of 50°K. Observe the sharp 
gravitational cutoff near 3. 5 AU. 

Nearly 90 percent of the particles, as anticipated from laboratory 
results, would go no farther than 4000 km from the nucleus at 1 AU, and 
the largest would not survive beyond 16, 000 km. The radius for all but 
the largest grains decreases monotonically with decreasing r. The 
dependence of the average- halo radius R^ on heliocentric distance r for 
the average 0. 3 mm grains, represented in the figure by the wavy line 
segment, can be written R H = SZOOr 1 * 22 , with r in AU, R H in kilometers. 
Clearly, the halo is expected to occupy much the same region as is gener- 
ally conceded to the neutral inner coma in prehalo models of coma forma- 
tion (Figure 2- 15b). 

An impc tant aspect of the halo is its visibility. Figure 2-18, from 
Delsemme and Miller (Reference 2- 11) illustrates the calculated bright- 
ness profile based on their model. The halo is clearly expected to be 
substantially brighter in the center than at the circumference. 
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Figure 2- 18. Brightness Profile of the Continuum, 
- Reflected by the Icy Halo, as a Function of its 
| Distance from the Nucleus. To limit the central 
| peak, a simulated seeing of x = 0.01 has been 
t adopted. This corresponds, for a halo radius of 
10 km, to a 0. 3 seeing when the comet is at a 
geocemtric distance of 0. 4 AU. 

2. 4. 2 Specific Properties of Encke's Coma 

2.4. 2.1 Emitted Mass 

The nucleus of Encke begins to emit sufficient quantities of volatile 

material to produce a visible coma at a distance of about 1. 5 AU. The 

total emission of gas per perihelion passage *s at present 0. 03 percent of 

the mass, according to Marsden and Sekanina (Reference 2-25). Using the 

value of the albedo adopted by these authors, this corresponds to a mass 
12 

loss of 6 x 10 g per perihelion ps ■ -age, or an average loss of 

5 

~6 x 10 g/sec during the approximately 100-day active phase of the 
perihelion passage, prims: ib prior to perihelion. 

2.4. 2.2 Volatile Component 

If we adopt Sekanina' s value of 10^ *g per revolution as a first esti- 
mate of the present outgassing rate, tne density of H.,0 molecules in the 
coma is approximately a factor 10 less than indicated in Figure 2 -15b and 
a factor of 40 to 800 less than the cstimtte of Delsemme and Miller quoted 
earlier, which was not for Encke, but ft r another comet. The mass loss 
which takes place during the few months around perihelion (where the 

planned rendezvous will occur) corresponds to an evaporation rate of the 
29 - 1 

order of 10 molecules sec . Abetter estimate will be possible 

when details of recent observations of the Lyman-o emission from the 
coma of Encke become available. According to the icy halo model, 
roughly half the emission would be m the form of icy grains. 

2. 4. 2. 3 Nonvolatile Component 

Although the "dismantled core" consists p marily of nonvolatile 
material, according to the proposed model of the nucleus this material is 
now in the form of large aggregates, possibly a single piece, and is not 
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readily swept along with the escaping gas. If Encke has a radius of 

-3 29 

1. 6 km, a mean density of 1. 0 gram cm . and emits 10 H-O mole- 

- 1 - 1 ^ 
cules sec at a velocity of 500 meters sec , then the maximum radius 

-3 

of grains with density 1. 0 gram cm which can be blown away from the 
comet is ~2. 5 cm, assuming a drag coefficient of unity. The absence of 
continuum radiation in the coma of Encke (References 2-26, 2 *32) suggests 
that the coma wind is too weak to blow any significant quantity of solid 
material away from the nucleus, or the supply of sufficiently small grains 
in the surface layers has been exhausted. Although the low continuum 
radiation still permits as much as 10 percent of the emitted matter to be 
in the form of grains a few millimeters in radius and an even greater 
amount in the form of larger particles with a lower ratio rtf surface to 
mass, there is no evidence that such particles are now in the coma, and 
it seems plausible that the fraction of volatile material lost is consider- 
ably greater than the fraction of nonvolatile material. A figure of 

4 

6 x 10 g/sec during the active phase can be used for the rate of emission 
of meteoric matter; an uncertainty of at least an order of magnitude 
should be associated with this figure. 

2.4. 2.4 Asymmetry 

The earlier discussion oi the nucleus of Encke pointed out the prob- 
able asymmetry of emissions that are implied by the existence of a non- 
gravitational acceleration. It may be inferred that the coma densities 
share the asymmetry of the emitting surface, thus explaining, at least in 
part, the asymmetric coma described in an earlier section. To a first 
approximation, then, it should be anticipated that gases in some parts of 
the coma are two or three times as dense as they are elsewhere. The 
same statement would apply to icy grains and lithic dust particles in the 
absence of any theory or data to the contrary. 

2.4. 2. 5 Visible Constituents 

Sekanina (Reference 2-19) has compared the total gas abundance 
deduced from dynamical considerations with the observed abundance of 
for 23 snort-period comets (see Figure 2-19). There is some evi- 
dence that the ratio between the total and densities, might tend to 
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Figure 2-19. The ratio of the 
to jl gas abundance in comets 
in units of C2 abundance for 
23 short period comets vs 
time. ‘The curve labelled one 
is drawn through the points 
obtained for Encke. The 
comets are identified by 
number in Reference 2-19. 


increase secularly. This is not surprising, since one would expect dif- 
ferent volatiles to escape with differing rates from the nucleus. Despite 
the fact that the nongravitational parameter has decreased markedly and 
the comet appears to be approaching its death date. Encke still shows 
‘evidence for a surprisingly large amount of gas. Its spectrum is well- 
documented, and all the molecular species typical of comets have been 
observed. The spectrum is especially strong in C 2 and C 3 and especially 
weak in continuum. Furthermore, Encke has recently been observed to 
have a large hydrogen cloud associated with it. Accordingly, we might 
expect that the physical processes associated with the coma are similar 
to those in younger and more spectacular comets, but on a somewhat 
reduced scale. Table 2-2 lists the identified molecular constituents of 

Encke’ s coma and tail. Presumably these species are in the coma in 

4 

varying proportions beyond 10 km from the nucleus, and they or their 
(invisible) parent species (H 2 0, NH 3 , CH^.'etc; ) are in the inner coma 
as well. 


2-38 




Table 2-2. Gas Species Present in Coma of Encke 


Molecular Species 

Emission Wavelengths 

P/ Encke 

CN 

388 nm 


S 

C 2 

474 


S 


516 




564 



C 3 

405 


s 

CH 

428 


w 

NH 

336 


w 

nh 2 

630 


w 

OH 

309 


w 

CO + 

400 


w 


426 




455 



V 

391 


w 

Continuum 

- 


w 

S = Strong 

M » Moderate 

W = 

Weak 





2. 5 INTERACTION WITH THE SOLAR WIND: THE CONTACT SURFACE 
AND THE TAIL 

One major area of interest in cometary research is the nature of 
the interaction between the plasma of the solar wind and the gases of the 
coma. The interaction may involve as many as three related processes. 
First, the solar wind flux may contribute to the mechanism by which the 
neutral parent molecules of gases emitted from the nucleus are dissocia- , 
ted and ionized. Second, the solar wind, and the interplanetary magnetic 
field embedded in it, must play a dominant role in sweeping the ionized 
constituents of the coma into the Type I (ion) tail and in shaping and main- 
taining the tail as it streams away from the coma in the antisolar direc- 
tion. Third, the solar wind, being supermagnetos onic and superalfvenic, 
must prepare well upstream for its encounter with the ionized coma by a 
plasma physical process of deceleration, either through a collisionless 
shock or a transonic ion exchange sheat. 

Encke has shown a Type I (ion) tail, especially during years of 
enhanced solar activity. Whether visible from Earth or not, a tail should 
be present as long as gases are emitted. Type I comet tails are the 
direct result of the interaction of the solar wind with the coma. The 
solar wind does not impact directly upon the nucleus of the comet itself, 
except perhaps at very great distances from the Sun where the surface 
temperature is so low that the coma effectively disappears. The cross 
sections for the various interactions between neutral atoms, radicals and 
molecules in the coma, and ions and electron in the solar wind, yield 
such small collision rates that the neutral gas comprising the coma can 
expand freely through the interplanetary plasma and magnetic field. On 
the other hand the interplanetary magnetic field introduces an effective 
coupling between the solar wind and any ions produced from the neutral 
coma gas by charge exchange or photoionization. This can have a pro- 
nounced effect on the dynamics of the solar wind, since a transition to 
subsonic flow should occur approximately at a point where the solar wind 
has doubled its mass flux by picking up new ions of cometary origin. 

Two concepts of a comet's plasma interaction are current. The 
first postulates a process analagous to that sunward of the earth's magnet- 
osphere, where a collisionless shock would form upstream from the 
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comet. This model is still being developed by Bierman, Lust, Schmidt, 
and their collaborators. The second concept, developed by Wallis, pro- 
poses a ''transonic" process in which no shock forms. 

A detailed description of the shock interaction model of the solar 
wind and the neutral coma gas is provided by Bierman et al., Refer- 
ence 2-46 (see Figure 2-20). The calculations were carried out only along 
the line joining the Sun and the nucleus of the comet. Apart from the 
effects of the inerplanetary magnetic field, this should be an approximate 
axis of symmetry for the flow, and there should be a stagnation poir>t 

- 4 

somewhere ahead of the nucleus. The hydromagnetic detached shock 

6 7 

stands somewhere from 10 to 10 km upstream, reducing the bulk flow 
velocity from an average of about 400 to 100 km/sec, and heating the 
plasma* Behind the shock, the solar wind gradually flows to a few Km/sec 
before arriving at the contact surface, where an accumulated flux of 
interplanetary field stops or deflects the flow completely* 

Unfortunately the calculations of Biermann et al. are not completely 
consistent in that the treatment is quasi one- dimensional, and the diver- 
gence of the flow around the comet is accounted for in an ad hoc manner* 

4 5 

It is found that the stagnation point occurs some 10 -10 km ahead of 

the nucleus, under the conditions assumed. This stagnation point is 
interpreted to lie on a contact surface which separates plasma of comet- 
ary origin (on the inside, in the region containing the nucleus), from 
plasma which is partly of solar origin and partly of cometary origin on 
the upstream (solar) side* The calculation is consistent only if the 
cometary plasma within the contact surface can exert a sufficient pres- 
sure to balance the solar wind pressure, which is unlikely at such a large 

distance from the nucleus. It is more probable that the contact surface 

3 4 

lies at a distance of 10 -10 km in front of the nucleus, with the smaller 

figure probably more appropriate in the case of Encke. It seems there- 
fore that Biermann and his colleagues overestimated the effects of flow 
divergence in their first calculations, especially since this /is the only 

i 

parameter controlling the position of the contact surface if the solar wind 
parameters, and the parameters determining the flow of gas from the 
nucleus to the coma, are fixed* 
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Figure 2-20. Dependence of Various Plasma Properties on 
Cometocentric Distance 

An important process in the deceleration of the solar wind behind 
the shock is exchange of charge between the solar wind and the cometary 
gases. Some of the solar wind profons are neutralized while some of 
the cometary gases are ionized and forced to flow downstream with the 
interplanetary field. The relatively massive local ions added to the flow 
result in a net deceleration of the plasma. This process has led Wallis, 
in a calculation ignoring divergence of flow altogether, to the conclusion 
that charge exchange and photoionization can occur in such a way that the 
solar wind is. gradually and smoothly decelerated from supersonic to 
subsonic speed without the generation of any shock at all. This result, 
which contradicts earlier suggestions that a etrong shock should be 
present, is probably close to the truth. However, since it does not allow 
for any divergence from the flow, it does not help us estimate the posi- 
tion of the contact surface, which should certainly be present. 

The general character of the solar wind or interaction with the 
coma of Encke at 1 AU is indicated in Figure 2-21. A shock transition 
occurs on the fringes of the interaction region, but immediately ahead of 
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Figure 2-21. Principal Regions of Coma and Solar Wind 

y ’ * 

the comet the transition from supersonic to subsonic flow.maybe smooth 
as described by Wallis. This is indicated by the dashed section of the 
nominal shock curve in the figure. Within the subsonic region behind the 
shock wave, the plasma is heavily loaded with ions of cometary origin, 
and the magnecic field is stronger than it would be in the undisturbed solar 
wind. The mixed cometary and solar plasma flows around the contact 
surface and the interplanetary magnetic field is compressed against it 
with the field strength reaching something like the stagnation value of 
50- 100 y. Within the contact surface there can be no solar wind plasma, 

and the plasma that exists must be entirely, produced by photoioni nation of 

" * 

neutral coma gas. Collisions between the outflowing neutral coma gas and 
the coma plasma force the latter against the inside of the contact surface 
in such a manner that there is pressure balance across the surface, 
Ultimately of course the momentum flux of the solar wind can be cop-,, 
sidered as held off. by the friction between the copia plasma and t^ie flow- 
ing neutral coma gas. Unfortunately the detailed behavior of the cbpia\,- 
plasma has not yet been analyzed quantitatively. Cons equ^ntly we 
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yet know whether the coma plasma is lost mostly by recombination in the 
vicinity of the contact surface or by the flow into the wake of the comet, 
thus leading to the formation of a Type I tail. 

The temperature of the coma plasma should be maintained almost 

entirely by photoelectron heating, since there is almost no other source. 

In any case, the mean thermal energy per electron ion pair cannot be 

m>re than about 1 eV. Consequently to achieve a pressure balance at the 

contact surface, it is necessary that the number density of the coma 

4 5 -3 

plasma be of the order of 10 -10 cm . At such densities the recombi- 
nation rate can be expected to be rather high, since most of the ions 
concerned will be molecular (e. g. , CO + , CC> 2 + ) and therefore liable to 

dissociative recombination with a recombination lifetime of the order of 
2 3 

10 -10 seconds. These lifetimes are less than or of the same order of 
the time required for plasma tc flow out of tl c coma if the characteristic 
speed of the flow is 1 km sec and hence recombination must be an 
important process as far as the coma plasma is concerned. 

The contact surface is liable to flute instabilities on its forward 
side since the interplanetary magnetic field around the outside is curved 
in such a way that it would be likely to contract and enter the region of 
coj ra plasma. Friction between the outflowing neutral coma gas and 
the coma plasma may exert a stabilizing influence, but it is far from 
clear that complete stabilization can be achieved Indeed just such an 
instability is required to mix the coma plasma with the interplanetary 
field and so produce the rays and other features associated with Type I 
tails; hence the above description which implies the existence of a sharp 
contact surface should be modified accordin e ly. The contact surface is 
also liable to Helmholtz instabilities wherever there is a substantia* 
shear between the coma plasma and the external flowing plasma. How- 
ever, it is not easy to see the effects of such an instability in the presence 
of the flute instability, which in a sense allows magnetic fields to diffuse 
into and be captured by the coma plasma; thus producing a protective 
envelope which could tend to stabilize the contact surface. 

Many attempts have been made to correlate tail activity with activity 
on the sun. Some such correlation might be expected since solar activity 
is associated with increased solar wind flux, and an enhancement of the 


solar UV flux. The empirical results of Whipple and Douglas -Hamilton 
(Reference 2-5) and Whipple*s recent amendment of them are described in 
an earlier section. 

2.6 EWCKE CHARACTERISTICS COMPARED WITH OTHER COMETS 

The value of a selected comet mission sould depend heavily on 
whether the targeted comet is likely to provide information on comets 
as a class. For the forseable future, no mission to a nonperiodic comet 
can be anticipated, so a target for a comet mission will necessarily be 
drawn from the subclass of periodic comets, and it is all the rr^re impor- 
tant to know that a given comet is a suitable object of study. 

Although all comets are individuals, Encke is reasonably represen- 


tative of others in dimension and composition. 

Figure 2- 

22 shows how 

certain characteristics of Encke compare with the rang 

of these charac- 

teristics shared with comets 

in general. A separate compilation of the 

comparison follows in Table 

t - j. 
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Table 2-3. Characteristics of Encke Compared with Other Comets 


Other Comets 
(From M Ati*y ot Cometir 


General : The composition, especially the gas/ 

dust ratio, varies widely among comets 


Encke 

High gas . dust ratio. — ^0 percent 


Nucleus: Diameter, l to 50 km 

Mass. tO 1 ' to t0 21 g 

Composition, volatile molecules 
{parents of observed species*. 
Meteoric particles, micron grains 

Coma : Observed constituents, 0. CN, C 2 . 

C y CH, XH, XH 2 , OH. CQ*, 

CO*. N*. CH t , OH + , dust 

Diameter. 10* to 10^ km 

Gas density, 1 O'** molecules /cm^ 
at nucleus for very bright comets 

Velocities, neutral species and 
dust-up to 1 km/ sec expansion 

Hydroge— coma, postulated, 
observeo in three cases 

g 

Tail: Length, up to 1 0 km 

Width, up to 10^ km 

Ion tails are present in about 
30 percent of comets 


Diameter, 0. 5 to 5 km. 

Mass. 10** to 10* * gm _ 

Composition, nonvolatile cere -vith exposed 
volatile constituents 

Observed constituents, CN. C,, CH, NH. 

nh 2 . oh. co\ n* 

Diameter, to"* to 4 x 10^ km 

Gas density, 4 x 10 1 ** , 5x10*^ cm 

Velocities, V <1 km^sec 

Hydrogen coma, observed 

Length. 10^ to 4 x I0 fc km 
Width. «K10 6 km 
Ion tail only 


2.7 MISSION RELATED PROPERTIES OF ENCKE 


2.7.1 Viewing Conditions 

Coordination between local measurements by spacecraft instru- 
ments and remote measurements by earth-based observations will 
undoubtedly play an important role in a rendezvous mission. The dura- 
tion and quality of earth- based observations for a given mission will 
depend on the changing relationships of earth, sun, and comet. Since the 
orbits of earth and Encke are asynchronous, these relationships vary 
from pass to pass, and arc not all equally advantageous from the stand- 
point of acquiring correlated observations. 


Apparitions of Encke can be divided into three categories: those in 
which the comet is observed only before perihelion, only after perihelion, 
or both before and after perihelion. A history of Encke acquisitions from 
1885 to 1951 is the subject of Appendix B. The implied viewing condi- 
tions for possible Encke missions are summarized here. 

The categories of Encke acquisition are defined by the position of 
the earth in its orbit at the time of the comet's perihelion. Figure 2-23 
displays three views of the earth's orbit corresponding to the three cate- 
gories designated above. At the left, the heavy arc corresponds to the 
* 
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range of positions of the earth, at times of Encke's perihelion (small 
circles), for which the comet was observed only inbound. In the center, 
the heavy arc has the same meaning for acquisitions only outbound. At 
the right, the heavy arc represents the range of earth's positions corre- 
sponding to acquisition before and after perihelion. The asterisk on the 
arc at left indicates the location of earth at the time of Encke's 1980 
perihelion; telescopic observations of the outbound comet in 1980-81 are 
extremely unlikely in this case. The asterisk at right shows the earth's 
location at the time of the comet's perihelion in 1984: Conditions govern- 
ing telescopic observation of Encke both before and after perihelion are 
favorable in this case. 



Figure 2-23. Positions of Earth a.t Encke's Perihelion Times 
for Various Viewing Conditions 

Figure 2-24 shows an ecliptic plane projection of earth and Encke 
orbits in an inertial system. Simultaneous positions of earth and Encke 
are shown in the upper half oi the figure for the comet's 1984 approach 
to the sun. Actual positions of observation during the 1951 approach, 
one of the most completely monitored of all, are shown in the lower half 
of the figure. The 195.1 experience and the summary of historical condi- 
tions in Figure 2-23 suggest that the viewing angles of 1984 should be 
advantageous to comprehensive telescopic observations of Encke from 
earth and correlation with measurements made at the comet. 

The next duplication of the favorable geometry of the 1984 oppor- 
tunity will occur in 1994. The. 1987 pass, with perihelion in July, belongs 
to a sequence of relatively unfavorable passes. It wouid be represented 
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by a point in the lower right quadrant a little beyond the end of the heavy 
arc in the center of Figure 2-23. During the most recent of these unfav- 
orable passes, in 1954, the brightness of Encke was never reported as 
better than 19th apparent magnitude, according to Vsekhsvyatskii's notes. 
The 1980 pass, with perihelion in December, is part of a relatively favor- 
able sequence in which good observations have been made before peri- 
helion, out there were no post-perihelion recoveries in 1937 and 1947, 
according to Vsekhvsyatskii. The 1980 opportunity should on balance, 
be almost as good as the 1984 one, as far as pre- perihelion coordination 
with earth-based observations is concerned. 

2.7.2 Nonuniformity of the Nucleus 

It is not possible to say anything with much certainty concerning 
the details of the structure of either the surface or the interior of the 
nucleus. It is possible, however, to draw some inferences for mission 
planning. It seems quite reasonable, for example, that escaping ga^es 
have caused the surface of the nucleus to become vesicular, but the size 
of the pores is a completely open question. The internal structure of 
the nucleus could consist of a single core or of a number of smaller 
bodies which will become separated following the final loss of all the 
volatile material. Migration of material from the interior reservoir of 
volatiles could be either through a single porous structure or through 
the interstices of a conglomerate of individual accumulations of nonvola- 
tile material. The former seems the more likely prospect for this 
apparently late st age of Encke's active era. 

Regardless of how the material to be emitted finds its way to the 
surface, where pre-perihelion heating removes the bulk of it, it is clear 
that emission itself is not uniform over the surface of the body. An 
asymmetric emission is necessary to account for the imbalance of forces 
causing the nongravitational acceleration. Moreover, tjxe well-known 
asymmetry of Encke' s egg-shaped coma suggests a higher density of 
expelled gases on one side of the comet than on the other. The preferred 
direction of efflux seemed to be toward the sun and in the direction of 
motion of the body along its orbit, with an angle to the sun- comet line 
greater than the six degrees that applies to a number of other comets. 
Since the maximum insolation occurs at the subsolar point of the 


surface, the offset in emission is taken as evidence of rotation of the 
nucleus with a period some tens of times the elapsed interval between 
maximum heating and maximum emission. Some asteroids are highly 
irregular or elongated. Examination of light curves for Icarus and 
others might yield an approximation to Encke*s period. It would be of 
great interest to determine whether the emitting area is a particular 
section which is exposed each time it comes around to che sunlit hemi- 
sphere or merely the warmest section of a uniformly coated surface. 

In either case, three implications are straight-forward: First, the 
apparent dependence of emission on local heating makes certain regions 
around the nucleus, e. g. , behind it or along the axis of rotation, auspi- 
cious for observation with the least hazard td a hovering spacecraft; 
second, if the emission streamers proceed from particular locations 
on the surface, the surface should show visible structural detail, and 
observation from a position above a pole should afford an opportunity to 
measure the spin rate, even at considerable distance (where nuclear 
features are still unresolvable); third, removal of most of the available 
volatiles by the time of perihelion, at the latest, should reveal an irre- 
gular surface with resolvable features, making post-perihelion measure- 
ment of spin rate feasible with deduced hazard in any position around the 
nucleus. 

Encke does not become entirely inactive after perihelion. Fig- 
ure 2-25 is a scatter diagram of magnitudes against heliocentric distance 
where the magnitudes are those compiled by Vsekhsvyatskii (Ref- 
erence 2-3; see Appendix J) for post-perihelion observation since 1885. * 
The dashed lines define the general trend in the magnitude-distance -vr- 
relation. While the scatter is too great to define any dependable curve 

through the points, it is immediately apparent that the slope of H with r 

2 

is mi^ch too high for the 1/r asteroidal law of brightness to apply* The 

solid line representing an arbitrary asteroidal dependence through the 
\ 1 * ' 4 * * * 

center of the magnitude range, shows this. It may be concluded there- 

fore that Encke's asymmetric behavior with respect to perihelion has 
the advantage that many. measurements, including those of the momentum 
properties of emitted gases, may be made at close range during the out-- 
bound pass with little risk. ■ 
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Figure 2-25.. Scatter Diagram of Post-Perihelion Magnitudes 
, vs .Heliocentric Distance, Showing Failure of 
Brightness to Follow Asteroidal Law r" ^ 

2.7.3 Variatioh.of. temperature of Nucleus with Heliocentric Distance 

. The the r m&l prope rtfe e of the cofna, both un-ionized and ionized 
the size o£ the. 'of various gas species within it 

depend on the temperatures drthe surface of the nucleus from which the 
• gases are emttt'^V^' 5^ . should properly rise with the solar 

radiation received by. the nucleus as the sun is approached, A nominal 
functional form for the temperature of an asteroid is (Reference 2-2) 



The evaporation of the ice of a cometary nucleus requires modification 
of this simple relationship, which is not applicable to a uniformly 



ice- encrusted comet when it gets close enough to the sun to emit an 
appreciable amount of material. Delsemme (Reference 2-12) studied 
the effect of the heat of vaporization on the surface temperatures of 
comets and concluded that the correct temperature between r = 0. 3 and 
4 all should vary with an exponent of r equal to 0. 06 and 0. 12, i. e. , the 
power of r itself varies with r, but the net effect is to maintain a tempera- 
ture with relatively little heliocentric dependence once a minimum of 
about 200°K is achieved at r * 4 AU. 

In the case of Encke, with itB probably depleted, nonuniform 
nucleus, a nonuniform surface temperature should be anticipated. Large 
areas of exposed, nonvolatile surface may follow Levin's asteroidal law, 
at least approximately. Figure 2-26 displayed this possible heliocentric 
dependence of temperature for the exposed material between perihelion 
and 3 AU. The temperature of sections of the surface of Encke's nucleus 
that emit the ice grains and gases forming the halo and coma may be 
expected to deviate significantly from the curve of Figure 2-26, and 
remain relatively constant at about 200°K. 



Figure 2-26. Temperature and Velocity 
of Emission 


The actual distribution of 
temperature of the nucleus is 
dependent on all those unknown 
properties that only a closely 
approaching spacecraft can 
determine. 

2. 7. 4 Photometric Properties 
and Projected Images 

STESSEe 

2. 7. 4. 1 Magnitude Laws 

An assessment of the 
photometric aspects of an Encke 
rendezvous mission begins with 


two basic functional forms of the comet's brightness, or light flux density 
L. The flux d< 
asteroidal law 


L. The flux density L^ from the nucleus is assumed to follow the 


L N °c A +R N 2/r2 A s 2 , 


3 


3 


* Y* . 



S? 

-1ft 
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where A, <{M R^, r are as defined in Section 2. 2 and Ag is the distance 
from the sgice craft to the comet. Light from any material emitted by the 
nucleus isjpssumed to follow a higher power law expressing the increasing 
toffof luminous material with decreasing r (Reference 2-2), 
ipproxiiflfted without phase typically by 


L G ccAR N 2 /r Ag 2 , 


Subscript C in this case stands for coma. The r~ dependence is a fair 
approximation to some theory (Reference 2-47)* and has been fou^d by 
experience to apply roughly to the comas of many comets, including 
Encke's (Reference 2-47, 2-3). Oelsemme (Reference 2-42) has recently 
presented an argument for an r ^ dependence of certain three- stage 
spectral emissions, notably from H and OH. The principal component of 
Encke's observable coma is Expressions for flux L are converted 

to magnitude H by 

H = -2.5 log L = H n - 2.5 log 


A4>R 


N 


•■‘a 2 
r A 


where Hq is a standard magnitude accounting for the required proportional- 
ity constant, and n is chosen to correspond to the appropriate source object. 

2. 7. 4. 2 Magnitude of the Nucleus 

One basis for estimating nuclear magnitudes is the same equation 
used by Roemer (Reference 2-7), already cited: 

2 


A4>R 


N 


Hjj = -26. 72 - 2. 5 log -j-j 


Roemer found that the product AR^ » 0. 24 (which gave Rj^ =3.6 km 
for an assumed albedo A = 0. 02).* Substituting this value (with.Rj^ in AU1 
in the above equation yields: 

= 13.2-2.5 log 


2 a 2 
r A S 


See also Section 2.2 
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Here, H^ o s 13.2 represents the magnitude of Encke's nucleus as it -■ 
would have been seen circa I960 at 1 AU from both earth and sun, with 
phase angle 0 = 0° ( <J> = 1), i. e. , looking at it from the sun when it 
crossed the earth's orbit inbound. As will be pointed out, this expression 
is not entirely consistent with other estimates and may give a result a 
bit high. 

2.7.4. 3 Magnitude of the Coma 

Evaluation of coma magnitude does not have the foundation provided 

by P.oemer for the nucleus. Values of 10.4 and 10. 8 were given for the 

constant fJ 1961 (Reference 2-48), which would make H a little less 
Co Co 

than three magnitudes brighter than H M during that pass. The coma was 

also said to have been four magnitudes brighter than the nucleus in the \ 

same epoch, but it is not obvious how the various "nuclei' 1 and estimates 

are to be harmonized among independent references. For example, the * 

10.4 and 10. 8 figures for fr were linked with an r” brightness \ 

Co _4 \ 

dependence, different from the r usually quoted. H 

The equation used here for the 1984 apparition is 



12. 5 + 2. 5 log r 4 A s 2 , 


which serves as a compromise among heuristic ally- determined formulae. 
The value of H^ o = 12. 5 was obtained by taking H(- 0 = 10. 5 in 1961 and 
assuming a two-magnitude loss in brightness of the coma by 1984, a 
reasonable extrapolation of the mean trend in Figure 2-12. The r -4 
dependence is used in here for simplicity and in deference to tradition. 

The comparative results which will be presented would not be severely 
altered by other choices, given the uncertainty of many of these quantities. 

2. 7. 4. 4 Magnitude of the Halo, or Halo-Nucleus Combination 

In the icy halo rqodel of coma formation, the nucleus is surrounded 
by a region of sublimat induce particles of possibly very high albedo. The 
entire halo is graded, beingf^gne 10 4 km in radius (at 1 AU) for the 
largest, most slowly sublimatingHcm- sized grains and progressively 
smaller for progressively smaller g^ins down to micron size. All grain 
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sizes are presumably present near the nucleus, giving the halo a 
comparatively dense, highly reflective center (Figure 2-18). Hie 
brightness of the halo therefore deserves attention because, if present, 
part of it would appear in an image of the comet's center, even at close 
range, conceivably competing with the nucleus in intensity. Competition 
between halo and nucleus may very well affect the estimates of nuclear 
magnitude above. The approach adopted here is a combination of 
empiricism and theory that results in reasonable, although speculative, 
values of the range of hale brightness. 

According to Delsemme (Reference 2-42), the production rate of 

-2 1 

expelled snow particles should vary with heliocentric distance as r * , 
while the production of gases, depending directly on solar radiation, should 
follow the usual inverse square law. The secondary production of neutral 

and radical gases trapped in the snowy grains, an essential feature of 

w 2 1—241 

Delsemrne's model, would then vary as the product r~ * r~ = r" * . 

Tertiary production of H + or OH” from the grain- released gases could 

add a third r”^ factor, and Delsemrne's paper was in fact written to record 

the close agreement of some H a-id OH* observations with an r” 

dependence for one comet (1969g). - 

-2 1 

If the halo's production varies as r , and if nuclear brightness 
-2 

follows the asteroidal r law, light from nucleus and the center of the 
halo should be virtually indistinguishable in high- re solution images of 
the comet. This might partially explain the reported failure of Encke's 
"nuclear" magnitude to follow exactly an inverse square law with heliocen- 
tric distance (Section 2.2). Unknown phase, spin axis, and asymmetry 
effects would also contribute to the comet's true magnitude vs distance 
dependence. Obviously, the reverse also holds: the contribution of the 
halo cannot be separated easily from that of the nucleus. The following 
calculations allow for the difficulty. 

If light from the nucleus and part of the halo are indistinguishable, 
then so.ne of the light attributed to the nucleus may come from tbe inner- 
most halo. The light from the entire halo should not exceed this by much, 
since the center is its brightest part. The nucleus magnitude therefore 
represents something of an upper limit to the halo's magnitude, if all the 
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light attributed to the nucleus is assigned to the halo. By the same 
reasoning, the nucleus is not as bright as the expression for suggests. 

The nucleus should not be exptected to exhibit the same secular 
decline in magnitude as the emitted material from Encke, now that it is 
largely depleted and not likely to be uniformly coated with an Icy crust. 
The halo, however, should continue to diminish from pass to pass. If 
two magnitudes are added (meaning brightness is diminished) to account 
for secular decline in grain production by 1964, an upper limit is 
obtained for the central halo's brightness. The resulting expression can 
serve as a crude version of the expected maximal brightness of the 
central halo during the subject mission: 



15.2 


2.5 log 


4 > 



The phase $ is not necessarily the same function as in the earlier 
expression. 

2.7.4. 5 Magnitude of the Tail 

No simple means of estimating the brightness of the tail of Encke 
is at hand. Its dependence on solar activity via some threshold effect is 
not amenable to computa.tic i. When the tail has appeared, it has obviously 
been bright enough to be recorded along with the coma and, especially, 
the nucleus, while its density probably approximates an r*^ or r"^ law. 
Since the tail has tended to appear more often at r < 1 AU (say, r = 0,75) 
than at r > 1 AU, it seems reasonable to attribute to it an absolute 
brightness some two or three magnitude fainter than that of the coma. 

It should always be remembered that the light whose brightness is 
discussed does not have the same spectral content for the nucleus, coma, 
and tail. 

2. 7. 4. 6 Image Brightness 

In addition to the brightness cf entire cometary features, it is 
desirable to know the relative "viewing" or "surface, " brightnesses of 
these features as they appear in a' 'mage of the comet. The relative 
brightness of two features can be treated directly in terms of brightness 
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per unit area or per picture element. If t at a given distance from the 
comet, a feature of magnitude occupies a relative area A^, and a 
second feature of magnitude occupies Area A^, the 
brightness per unit area is given by Bj/B 2 = (A^/A^) 10 

Typical area ratios for cometarv features discussed above <*re, if 

? 

=1.8 km, R^ (central halo radius) = 10“ km: 

A../A. = 3. 24 x 10* 10 
N 

A../ A = 3. 24 x 10' 4 
N H 

a h /a c = 10 ' 6 

Comparative brightness ratios are useful for estimating dynamic ranges 
needed by an image system, but it is also important to place expected 
brightnesses on a common, absolute, scale for all features. The magni- 
tude equations of the preceding paragraphs apply to stellar objects without 

resolved images, or to the total, integrated light from resolved .mages. 
Once a feature has been resolved, its surface brightness follows a different 
rule from its total brightness. If we consider only the simplest represen- 
tation of a resolved feature, where the feature and its image ire assumed 
circular, then the area of the resolved image will vary with the square of 

the image 1 s radius, hence with its subtended angle, and finally therefore 
2 

with A c . Meanwhile the w'hole feature's brightness will continue to in- 
^ -2 2 

crease with £ c as a result, the terms will cancel, and the surface 
brightness or brightness per unit area of a resolved feature will remain 
independent of Ag after it has formed a measurable image. Dependence 
on r will, of course, remain unaltered. 

2.7.4.? Comparative Brightness During Approach 

The plots of Figure 2-27 display the behavior of the brightness 
(magnitudes) of coma and nucleus, or nucleus -halo, vs Ag (Ag * 1 AU) 
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during the approach of the rendezvous spacecraft to Encke along the pre- 
ferred trajectory for the mission, xhe lunar phase function of Figure 
2-28 was applied in obtaining the estimates, for both nucleus and halo, 
but its contribution was negligible. None of the functions H^, and 

in Figure 2-27 (upper three 
curves) are likely to be accurate to 
better than to ±2 magnitudes, but 
their relative position should be 
quite reliable. 

Dashed and solid line repre- 
sentations oi brightness character- 
istics are used to distinguish between 
the integrated brightness of a resolved 
feature (dashed line) and the average 
brightness per unit area of its re- 
solved image. Therefore below the 



The Lunar Phase 
Function 


tem begins to resolve the feature 
two line representations are shown. 
At the left of the graph ( Ag — 1 AU) 


Figure 2-28 

the magnitude of the nucleus is 16.6. Until the period where image 

w 4 

resolution begins (A c ^ 0.7 • 10 AU) the magnitude varies in accordance 
-2 & 

with r . From there the integrated brightness continues to increase, 

but the surface f or average, brightness of the resolved image remains 

constant. The magnitude of the central halo follows a similar pattern, 

-2 

but with the surface brightness becoming constant earlier (Ag = 10 AU). 
The coma, having been already resolvable at distances greater than 1 AU, 
has its integrated and averaged magnitudes entirely separate throughout 
the figure. The remainder of Figure 2-27 will be described 'below. 

2. 7. 4. 8 Image System 

For the following description, an imaging system is assumed of 
viewing angle 4x5 degrees and resolution 100 microradians. It is on 
the basis of this resolution that the points at which surface brightness 


See Appendix F 
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becomes important in Figure 2-27 were determined. In the description 
below, coma and central halo are treated as though uniform in surface 
brightness, which is almost certainly not the case. 

The sketches in the upper part of Figure 2-27 are conceptualiza- 
tions of Encke's appearance at the times of significant events during the 
approach of the spacecraft to the comet. They are described as follows, 
numbered as in the figure: 

1) The coma is resolvable but is probably an undiscernible 
object of surface magnitude H<- *5 24 when * 1 AU, at 
the left edge of the figure. The nucleus, or nucleus-halo, 
is a central condensation of stellar appearance. Nucleus, 
halo, and integrated coma are some 5-8 magnitudes 
brighter than each element of the coma's image, which has 
varied little in brightness per unit area from the point of 
its resolution, depending only on r and not on £g. 

2) At = 2 X 10^ km *= 10"^ AU, the coma if detected begins 

to be truncated by the image system, while its inner region, 
made up of parent gases and halo form a discernible 
central bright center. The central halo is barely resolv- 
able as a lOOprad dot. Its resolved image remains constant 
in brightness per unit area after this point, with £ 6.5. 

3) At fig = 1.6 x 10”^ AU 2.6 x 10^ km, the inner coma, or 

halo begins to be truncated. The central halo is a distinct 
feature, although probably appearing only as a bright 
central condensation around a brighter, but unresolved, 
nucleus. Its (uniform) surface brightness >6. 5 should 
contrast with the still stellar nucleus of magnitude 0. 

4) The prbbe enters the coma at = 10 km as 6.6 xlO" 4 AU. 

5) At = 7 X 10** km =4.7 x 10 AU, a large nucleus of 
Rjj = 3.5 km should become just resolvable as an element 
of Hj^ = -3.5 much brighter (»=10 magnitudes) than its 
surroundings. The central halo ought to appear as a dis- 
tinctly asymmetric condensation. 

4 

6) Nominal rendezvous occurs at as 5 x 10 km (see 
Section 5.5.4). 


7) A nucleus c^ Rm = i.8 kn. becomes resolvable at 
uS = 2.4 X IQ - '* AU , 3.6 x 10^ km, with a: -7. 


8 ) 

9) 


The probe enters th ' inner coma or outermost halo at 
i'.„ =10^ km. 


3 

At £g = 7 x 10 km, the central halo should become 
truncated while a 3. 5 km nucleus should be a distinct. 
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brilliant object with image elements much brighter 
(10 magnitudes) than those of the halo surrounding it. 

Inhorr ogeneities l/10th the diameter of the nucleus should 
be barely resolvable, and rotation of the nucleus should 
be apparent. 

The foregoing synopsis of milestones is indicative, rather than 
accurate. The contact surface, for example, has not been included, 
although it may turn out to be the most obvious feature in the images of 
the comet, while the halo may be negligible. Visibility estimates, based 
on present technology, maybe conservative for 1984. All objects except 
the nucleus should be understood as little more than regions whose out- 
lines are defined by steep photometric gradients, rather than discrete 
boundaries. Temporal effects caused by possible solar activity, come- 
tary bursts, or distinct streamers may be visible on approach to the 
comet. Finally, the formulas on which photometric magnitudes of halo 
and coma are based might become poor approximations as the comet is 
approached because the complicated viewing geometry for a large, close 
object is not incorporated in the photometric laws applied here. 

To complete an assessment of the mission-related photometric 
properties of Encke, the variation of surface brightness of the nucleus with 
r is shown in Figure 2-29 for various positions from which the spacecraft 
might view it as the comet approaches perihelion. The plotted estimates 
are for two nucleus radii, 1.8 and 3. 5 km, and five phase angles, indi- 
cated in the figure. 




— * N * 1 .9 KM h N « -3.$ “2.3 LOG ♦ ♦ 5 IOC - 


Figure 2-29. Surface Brightness 
of Nucleus from Rendezvous to 
Perihelion for Two Sizes of Nu- 
cleus and Five Viewing Angles 
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2 . 7 . 4 . 9 Implications for Encke Rendezvous Mission 

No aspect of this evaluation of Encke' s properties ar ?ues more 
strongly the value of a rendezvous -type mission than the above attempt 
to assess the brightness of Encke's component parts. The heliocentric 
brightness laws of any comet are intimately connected with the physical 
processes that produce them. Surely one of the most valuable results of 
a rendezvous with Encke will be the establishment of the correct depend- 
encies of light on r for every contributing feature, especially those such 
as nucleus and halo, whose theoretical functional forms have kept them 
essentially inseperable to the present time. 

2.7.5 Interference by the Icy Halo 

The snowy conglomerate model of Delsemme, with its postulated 
halo of ice crystals surrounding the nucleus, poses a potential hazard 
to the integrity of the equipment, the clarity of optical images, and the 
performance of mass-sampling devices on a rendezvous spacecraft. The 
discussion which follows suggests that proper instrumentation and explor- 
ation strategy should reduce any hazard considerably. (Cf. SecL'.on 6.3. ) 

As Figure 2-17 shows, the nearly 90 percent of ice crystals that 
lie between lOOp and 1 mm in radius would be expected to reach no fur- 
ther than 1000 to 3200 km from the nucleus over the heliocentric distance 
between rendezvous and perihelion. Many would not go beyond 400 km at 
perihelion. If the number of grains released at 1 AU is 1 cm' sec ” * at 

the surface of a spherically symmetric nucleus, then the flux of 100p to 

-7 -2 -l 

1 mm particles is no more than about 10 cm sec at 3200 km, equiva- 

2 

lent to one particle per cm in 125 days. Smaller particles would not 

. o 

reach 3200 km, and only about five percent of the total, or 5 x 10 ' 

- 2 - 1 

cm sec of larger grains would pass the 3200 km cometocentric dis- 
tance. If the average particle (3 mm radius) weighs 5 x 10”^ gm, the 
momentum with which it would strike the spacecraft at 1 km/sec would 
be 5 gm-cm/sec, and its energy would be 0.025 joule. These values 
represent extreme upper limits: The initial ice grain sizes and masses 
used in the estimate are reduced to zero by sublimation by the time 
they reach their estimated maximal distance, and few, if any, ever 


1 
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acquire a terminal velocity of 1 km/se*. If the production rate of grains 

- Z 1 

varies with heliocentric distance as r , the estimated fluxes would 
increase to only(l/0. 34)^' *, or 10 times the values above, at perihelion. 
But, of course, at perihelion the bulk of the grains would no longer reach 
beyond about 1000 km from the nucleus. 

The rough calculations suggest that the comet's gas emissions can 

be comfortably examined from outside the halo by a mass spectrometer 

3 4 

located between 10 and 10 km cometocentric distance, while most of 
the inner halo is observed and nuclear features just barely resolved 
optically (Section 2, 7.4. 8), without a serious hazard to the optical 
sensors. The spacecraft can approach the nucleus for better image 
resolution as Encke approaches perihelion, with no increased hazard. 

After perihelion, there should be no difficulty at all. Unfortunately, the 
rate at which an optical particle detector, such as Sisyphus can expect to 
count grains is low at 10 km, but it could be improved by moving the 
spacecraft closer to the nucleus. It might be desirable to add heating 
elements or heated glass windows to expo? ed sensors to evaporate the 
tiny ice grains occasionally encountered. Indeed, it might be worthwhile 
to develop a frost or snow detector that would measure the size and flux 
uioUiuutions of icy grains by observing their effect on a polished surface 
or through a glass plate and their response to heating. 

The foregoing calculations probably overstate the grain densities 

for Encke. The total emission of grains, if the same proportionality is 

5 

assumed between grain and gas production, is some 3x10 gm/sec, which 
for a nucleus of = 2 km, gives only 0.03 grains/cm 2 /sec, or three 
percent of the production of "average" grains in the estimate above. 

Thus, the grain flux at various distances from Encke’s nucleus is sub- 
stantially less than that above and if the nonuniformity of production is 
translated into an asymmetric flux distribution in the halo, observation 
from a spacecraft at the proper angles should be safe at virtually any 
distance, even near perihelion. 

Comparable arguments apply to the presence of nonvolatile dust in 
Encke' s coma. The production rate of such dust is believed to be even 
lower than that assumed for ice grains. 
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3. SCIENTIFIC OBJECTIVES 




3. 1 SCIENTIFIC PRIORITIES 

Most cometary specialists would no doubt agree that acquiring 
information abcut the nucleus should be the primary goal of a mission 
to rendezvous with a comet. The nucleus, after all, is the comet most 
of its lifetime along most of its trajectory and is the source of the more 
familiar, secondary features it displays on approaching the sun. 
Moreover, it is the nucleus whose substance and structure may offer 
clues to the material and dynamics of solar system formation and to the 
ultimate formation of an extinct comet. No* all cometary nuclei are 
likely to be equally approachable or observable, however, because of 
potentially hazardous dust, dense snow, or high momentum of expelled 
gas. At the same time, the resources available for cometary missions 
are limited, so that even a comet ideally suited to nucleus observations 
cannot justify a mission solely for that purpose. A mission to Encke in 
1984 should therefore seek a balanced set of measurements tailored to 
this particular comet in that particular year. 

3. 1. 1 Specialized Characteristics of Encke/ 1984 

The three most significant peculiarities of Encke/ 1984 and their 
implications are summarized in Table 3-1. In 1984 Encke will offer a 
target whose properties invite a mission with the very priorities a comet 
investigation should have. The nucleus will be as nearly depleted of 
emissible material as a moribund but still active nucleus can be and will 
be exposed to observation by an imaging optical system. Nonetheless, 
the activity of the nucleus should produce enough material similar to that 
emitted by other comets to allow reliable sampling of the gases respon- 
sible for the coma. Also, the processes of interaction between the coma 
and the solar wind should be detectable locally even though the tail is 
unlil^ely to be observable from earth. Finally, it should be possible to 
approach the nucleus closely, say within 10 to 100 km, after perihelion 
if not sooner, to inspect it in detail and measure its mass and surface 
properties. The assignment of priorities to measurable features of 
Encke is guided here by these special considerations. 
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Table 3-1. Special Considerations of Encke Mission 


CHARACTERISTICS OF ENCKE PHYSICAL IMPLICATIONS MISSION IMPLIC ATIONS 


1. STEADILY DIMINISHING 
EMiSSION AND OUT- 
BOUND INACTIVITY 

ABSENCE Of RETAINED ICY CRUST; 
MIGRATION OF VOLATILES; 
POROSITY OF SURFACE OF 
NUCLEUS, APPROACHING 
EXTINCTION 

NUCLEUS SHOULD BE DEFINABLE, 
OBSERVABLE OBJECT WITH DISTINCT 
FEATURES; 

LOW OUTBOUND EMISSION 
FAVORABLE TO CLOSE OBSERVA- 
TION OF RELATIVELY INACTIVE 
NUCLEUS AFTER FERiHELION; 
SUFFICIENT EMISSION BEFORE 
PERIHELION TO PROVIDE DATA 
ON GENERAL COMETARY GASES. 

2. VARIABLE OBSERVA- 
BILITY 

SMALL OBJECT; 

APPEARANCE POSSIBLY 
DEPENDENT ON SOLAR 
ACTIVITY 

CLOSE APPROACH NECESSARY, 
1984 FAVORABLE lOR TELESCOPIC 
CORRELATION, BUT PROJECTED 
SOLAR ACTriTY POSSIBLY 
UNFAVORABLE FOR VISIBILITY 
OF TAIL FROM EARTH; EMPHASIS 
ON NUCLEUS JUSTIFIED 

3. LOW CONTINUUM 
REFLECTION 

RELATIVELY LITTLE SOLID 
PARTICLE EMISSION 

RELATIVELY FAVORABLE ENVIRON- 
MENT FOR CLOSE NUCLEUS OB- 
SERVATION BEFORE PERIHELION, 
ESPECIALLY OUT OF ORBIT PLANE 


3. 1. 2 Classes of Observable Features and Their Priorities 

The feature! of the comet nucleus may be divided into relatively 
superficial, astrometric qualities and physical or chemical qualities 
associated with the detailed composition and structure of the nuclear 
material. These may in turn be divided according to whether they 
refer to the lithic, nonvolatile or the icy, volatile components of the 
nucleus. The coma is more finely comprised of the neutral inner coma, 
including the possible icy halo, the ionized coma, and the vast hydrogen 
cloud, or extended coma, that reaches out to a million kilometers from 
the nucleus. All these features are grouped into six classes in Table 3-2 
from a combined phenomenological and mission-oriented standpoint 
that lists their measurable properties and emphasises the priority with 
which they ought to be observed, hi this view, the inner coma is regarded 
as a source of derivative information about the nucleus rather then 
primary information about the origin of the visible coma. 

The classes in Table 3-2 do not represent a progressive and 
gradual decrease in priority from top to bottom. Rather, the first three 
classes together represent priorities differing little among each other 
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Table 3-2. Clashes of Observable Features in Decreasing Order of 
Priority for 1984 Encke Rendezvous 


CLASS MEASURABLE FEATURES 


1 . EXTERNAL PHYSICAL CHA RAC - 

• 

SIZE 

* 

MASS 

VERB TICS OF NUCLEUS 

« 

ROTATION 

• 

SHAPE 


• 

APPEARANCE Of DETAILS 

• 

albedo 


• 

PHASE FUNCTION 

ft 

FINE SCALE TEXTVRE 


• 

TEMPERATURE 



2. STRUCT URE and composition 

• 

SURFACE MATERIAL 

• 

SUBSURFACE TEMPERATURE 

Of NUCLEUS: NONVOLATILE* 


abundance 

• 

INTERNAL THERMAL AND 


• 

SUBSURFACE TKRMAL AND 
ELECTRICAL CONDUCTIVITY 


ELECTRICAL COi <DUCTIV!TY 


• 

MAGNETIC PROPERTIES 




• 

INTERNAL STRUCTURE 

• 

SURFACE CHEMICAL 


• 

EXPELLED PARTICLE 


COMPOSITION 



COMPOSITION 

• 

EXPEUEO PARTICLE SIZE, 
VELOCITY AND SPATIAL 





DISTRIBUTION 

3. COMPOSITION Of NUCLEUS 


FLUX, VELOCITY, COMPOSITION AND DENSITY OF NEURAL GASES 

AND INNER COM* VOLATILES 



• 

iCY GRAINS 

4. COMA FORMATION 

• 

FLUX AND SPATIAL DISTRI- 

• 

FLUX AND SPATIAL DI$TR»- 



BUTION OF RADICALS 


BUTION Of IONS 

5. SOLAR WIND INTERACTION AND 


RADICAL AND ION 

• 

SPATIAL DEPENDENCE OF 

i, "> FORMATION 


SPATIAL DISTRIBUTIONS 


FLUX, VELOGl^, DENSITY 


• 

SPATIAL MODIFICATION OF 
SOLA* WIND MAGNETIC 


AND COMPOSITION OF 
MODIFIED SOLAR WIND 



FIELD 

• 

OCCURRENCE AND DISTRI- 
BUTION OF PLASMA AND 
ELECTROMAGNETIC WAVE 
MODES 

6. EXTENDED COMA 

• 

SIZE ANO SHAPE OP HYDtOGEN CLOUD 


but all considerably higher that that of Class 4. The highest priority 
is assigned those characteristics least known and ^ast likely to be 
Treasured without a rendezvous mission. The listing in Table 3-2 is an 
expression of priorities appropriate to a 1984 rendezvous mission to 
Fr.cke strictly from a scientifi c point of view . An actual mission and an 
acmal payload must take other considerations into account. The list, 
however, is important as a guide to the selection of scientific objectives, 
Tne selection in this report requires additional discussion of these 
cometary features together with the techniques that might be employed in 
their observation. 

3. 2 SELECTION OF OBJECTIVES 

3. 2. 1 Candidate Measurements 

Table 3-3 lists the types of instrumentation and their special 
requirements from which a comet rendezvous mission is expected to 
draw for its payload. 
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MEASUMUIUlUtfS 

MEASUREMENT TECHNIQUES 
Ot COMBINATIONS OF TtCMNtOieS 

SPECIAL REQUIRE** NTS 


t. EXTERNAL PHYSICAL CHARACTERISTICS OF THE NUCLEUS 


SIZE 

TV. MStATlC KAOAft RANGING 
TV. UM AtTtWdCt RANGING 


MASS 

\ 

MOVttING TORCT. EMISSION PRESSURE. MSTATIC 
RAOM, OR RADAR ALTIMETER RANGING 

GRAVITY GRAWOMCTt*. RtSTATK RAOAROR 
RADAR ALTIMETER RANGING 

VERY CtOSC APPROACH 


OOmCR. RtSTATIC RADAR Ot RADAR ALTIMETER 
RANGING 


ROTATION 

TV 


SHAPE 

TV 


#mAMNC: OF OCT AllS 

TV 


AUtX 

photometry 


rj» Cl JN 

PHOTO McTR,' 


riNt iCAul TEXTURE 

RHOTORGtA*iMliR v . 


TEMPERATURE 

ftRMMOwtH* 



2. STfcjauK ANO COMPOSITION QF T*E NUCUUfc NONVOLATILE* 


SURFACE MATERIAL ARUNDANGE 

X-*A V SPECTROMETRY 

MATERIALS *f strict K>NS. LAN0C1 ot 
EXTREMELY CLOSE ANtCACH. LONG 

wta 


>-RAY SPEOROMETtY 

SAME AS AROVE 


NEUTRON ACTIVATION. r-RAY SPECTRO*CTRY. 
X-RAY ACTIVATION ANALYSIS 
a RACK-SCATTERING 

LANDER 

lander, high voltage 

LANGE* 

SURSUtfACE TMERATiffC 

THERMAL PtORE 

LANDER 

SURSURF* a THERMAL A*« 
ELECTRICAL CONDUCTIVITY 

THERMAL AND ELECTRICAL PRORES, HEATERS 

anocohs 

LANDER 

MAGNETIC PROPERTIES 

magnetometer. induction coil 

LANDER 

INTERNAL T^CRMAL AND 
ELECTRICAL PtOPBTIES 

magnetometer, thermal probe 

LANDER, SOLAR WIND MONITOR 

INTERNAL STRUCT «E AND 
DYNAMICS 

seismometer 

SEISMOMETER. 1 KG CHARGE 

lAhoa 

LANDER. CHARGE DELIVERY APPARATUS 

SUV ACE CHtMCAL 
coA#osmoN 

GAS chromatography 

LANDER 

EXPELLED rARTICU COMPOSITION 

IMPACT (ONIZaTIONAL ANALYSIS 


expelled particle size, 

VClOCIT', MASS 
SPAilAl OlSTRIRUnON 

PHOTOPOLMIMETU 

TIME -Of -FLIGHT SENSOR 

MOMENTUM ANO TlMC-OF-fUGHT SENSOR 


THCRMOMAGNIT1C 

COMPOSITION 

magn^omther 

CLOSE APPROACH 





* 


4J 
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Table 3-3. Candidate Measurements (Continued) 


SCANNING CA^AilUTY 



Clearly, the entire list is too extensive to be assigned to any 
single mission. Moreover, certain instruments impose special require- 
ments, e. g. , a lander package, that are rather demanding for any 
mission. It is also clear that certain instruments can fulfill several 
functions. Thus selectivity is essential in defining mission objectives 
and payload in?' onents. 

3. 2. 2 Mission Constraints 

The scientific objectives of the rendezvous mission developed in 
this report have been subjected to three major constraints: 

<■ 

1) The suggested instrument complement is to represent 
a ’'fundamental rendezvous payload" which is 
justifiable in the sense that elimination of anv 
instrument would make the mission substantially 
less appealing, scientifically, while addition of any 
instrument would burden it unacceptably from an 
economic standpoint. 

2) In the interest of economy, the simplicity of a 
single spacecraft is preferred over the complexity 
inherent in the use of separable instrument packages 
for landing on the nucleus or monitoring the solar 
wind outside the extended coma. 

3) The mission will be unique, or at least likely 

to remain so for a long time. That is, it may not 
be assumed that the proposed payload will be one 
of several, each of which can be specialized to 
observe certain features, leaving other features 
to be examined by different payloads. 

In addition, a fourth, weaker constraint has been considered: 
that a separate flyby or flythrough mission to JEncke or to a similar comet 
will take place in the foreseeable future, e.g., as a precursor. 

The first constraint obviously calls for judgments not likely to be 
made identically by all cometary researchers. All the constraints 
together have been interpreted in the following way in preparing this 
assessment: a preferred set of objectives and a payload are to be 
selected which depends o- a single spacecraft, provides substantial 
information within the first three classes of measurable features, and 
provides some information on all classes thatwould be difficult or impos- 
sible to obtain without a rendezvous -type mission. 
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3. 2. 3 Considerations in Selecting Measurements 

The following paragraphs discuss the considerations involved in 
selecting an instrument complement satisfying the constraints of this 
mission. 

3. 2. 3. 1 Remote Observation of the Nucleus 

Characterization of the nucleus remains the principal objective 
of the mission, regardless of constraints. Unfortunately, almost the 
whole of the Category 2 properties of the nucleus require an extremely 
close approach or an actual landing on the nucleus. These properties 
must therefore simply be skipped over in developing a "fundamental" 
set of objectives and instruments. Since the nucleus is a completely 
unknown and uncharted object, a lander package can hardly be justified 
as part of a "minimal" payload when even the most elementary properties 
to be found by the lander are undetermined at the outset. The fate of 
the recent Soviet Mars lander underscores this. 

In contrast, the elementary, or astrometric, properties of the 
nucleus are measurable from a distance and their observation should be 
the primary objective of the mission. The items of Class 1 (Table 3-2) 
are vital features, none of which has been directly measured to any 
accuracy. This objective is made more feasible by the numerous 
properties of the nucleus that can be recorded by a relatively few instru- 
ments, especially by a TV imaging system. A system capable of 
resolving features of dimension one-tenth the diameter of the nucleus 
would be adequate for the scientific imaging requirements. 

Although the material of the nucleus will be essentially inaccessible 
while at rest on the surface, some of it will be expelled and thereby 
amenable to measurement at a distance. The most promising avenue is 
analysis of neutral gases by means of mass spectrometry in the inner 
coma. Such analysis, since it bears on the question of composition of 
nuclear constituents is next in importance to remote measurements of 
the nucleus itself. 

Along with the gases emitted by the nucleus there should be solid 
particles, both litkic nonvolatiles, and icy grains. Provided the space- 
craft is not moving too quickly, the impacts from the emissions should 
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be of relatively slow speed, and thus not cause much physical damage. 
However, this characteristic makes it also difficult to make any direct 
measurements of the nature of the solid material since it is necessary 
to make one pass through the coma at a relatively high speed (of the order 
of 1 km sec ) if the traditional methods for detecting solid particles 
are employed. Whatever compositional data can be obtained on solid 
particles will have been acquired by detectors carried by a fast flyby or 
flythrough mission and need not be contemplated here. In any case, 
careful use of the TV, a photometer, an optical particle detector, and a 
polarimeter, allowing the instruments to look in a direction. other than 
the nucleus, may be of great help in recording the physical characteristics 
of the solid debris. An effort might be made to fly the spacecraft through 
the plane of the orbit of the comet several times in order to determine 
whether there are any traces of a Type ILdust tail. 

3, 2. 3. 2 The Neutral Coma 

The neutral gases emitted by the nucleus are of interest not only 
because they represent nuclear matter, as already discussed, but also 
for their own sake as hitherto unobserved parent material of the visible 
coma. It is desirable to measure their density distribution, wind speed 
and direction, and composition. Some attention should be given to the 
possibility of measuring time variations in these quantities, both from 
the point of view of sudden brightenings (if any), and the more gradual 
changes associated with the motion of the comet towards and away from 
perihelion. As far as the atoms and free radicals are concerned, it 
will be necessary to make observations of the emission and absorption 
of light (IR, visible, UV) by one means or another. The molecules which 
are the parents of the atoms and radicals can be examined in more 
detail, since a mass spectrometer can be used without any fear that 
wall effects will distort the results. A mass spectrometer must 
effectively treasure the flux of a given constituent from a given direction, 
hi most applications this does not create a difficulty as far as measuring 
densities are concerned, since it is usually possible to estimate the 
relative velocity by some independent means. In the case of a cometary 
coma, however, we are dealing with a neutral atmosphere which is 
expanding radially away from a nucleus at an unknown highly supersonic 
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speed. In order to measure this speed, and hence convert flux 
measurements into density measurements, it seems necessary that some 
use should be made of the motion of the spacecraft, since this will pro- 
duce an aberration of the neutral molecules. If the mass spectrometer 
scans in a plane defined by the velocity vector of the spacecraft relative 
tc the nucleus, and the direction to the nucleus and the aberration angle 
can be measured, then from the known speed oi the spacecraft it should 
be possible to determine the speed of the expanding coma gas. It is 
assumed, of course, that the gas is moving j dially away from the 
nucleus. It may be more convenient to use c. series of separate entrance 
ports rather than physically moving the instrument, ..gular 

resolution required will be determined by the radial speed of the gas, 
and the speed of which the spacecraft moves around the nucleus. The 
spacecraft must not move too slowly, since then the aberration will be 
too small to measure. 

3. 2. 3. 3 The Ionized Coma, Contact Surface, and Tail 

Reasons have been given for believing that there should be a 
relatively dense "Ionosphere" surrounding the cometary nucleus, 
bounded by a contact surface on the upstream side and flowing away as 
a Type I tail on the downstream side. The ions are likely to be mostly 
photoions produced from parent molecules (e. g. , CO + , CO^*), but 
there may also be appreciable quantities of ions of daughter products 
especially H + and 0 + . The electron temperature may be high, since 
they are photoelectrons and may not have sufficient time to come into 
equilibrium with the rest of the gas. The ion temperature may be only 
1000° K or so, but the electron temperature could easily be several 
times larger. The plasma may also be flowing into the tail of the comet 
at rather high speeds {several km sec j. Experiments include multi- 
channel photometers, retarding potential analyzers, or Langmuir probes 
to measure the electron density and temperature, ion mass spectrom- 
eters jo measure the composition of the plasma, and an orientable 
Faraday cup or similar device to measure the flow speed of the plasma. 
The electron content of cometary plasma along the line of sight does not 
seem to be large enough to make propagation experiments worthwhile, 
but radio frequency plasma resonance experiments may be a useful means 
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of determining the density and composition. In both the neutral and 
ionized components of the coma it should be possible to make use of 
techniques which have proved successful in the earth’s upper atmosphere 
and ionosphere. Figure 3-1 shows the spectral range covered by a 
combination of one UV and one visible-light spectrophotometer. 



Figure 3-1. Spectral Range of Principal Constituents 

Magnetic fields play a vital role in the interaction of the ionized 
coma with the solar wind. The most important measurement to be made 
with a magnetometer, apart from supporting the solar wind measure- 
ments, is to determine the manner in which the interplanetary magnetic 
field penetrates the ionosphere of the comet. It is necessary to deter- 
mine whether in fact a contact surface exists, and the extent to which 
it is stable. Type I tails appear to have their roots in the cometary 
ionosphere, and it appears that the magnetic field can be held for a 
considerable length of time. It is not out of the question that a neutral 
sheet should form in the wake of the comet, and that transient recon- 
nections of the field in the tail should occur similar to those which appear 
to occur in the tail of the earth's magnetosphere. 

3. 2. 3. 4 Solar Wind Measurements 

It is important to determine characteristics. of the solar wind flow 
around the comet, and in particular to determine (1) the strength and 
configuration of the bow shock, and (2) the shape and presence of the 
contact surface. The characteristics of the flow will be somewhat 
similar to those of the earth's magnetosheath (i. e. , low Mach number), 
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but it is complicated by the probable presence of substantial quantities 
of singly-ionized ions of cometary origin. A Faraday cup, or electro- 
static analyzer of the usual type should be adequate to measure the 
gross features of the plasma flow. Determination of the composition of 
the interaction-influenced solar wind (which is probably the most 
interesting) will necessitate the use of more sophisticated instrumenta- 
tion, perhaps a crossed-field spectrometer of the type flown on several 
recent IMP spacecraft. 

3. 2. 3. 5 Energetic Particle Measurements 

There seems to be no case for measuring energetic particles of 
galactic and solar origin as part of a comet rendezvous mission. 
However, it would be useful to include in the payload a thin-walled 
Geiger tube capable of detecting electrons within energies >20 keV, 
and soft X-rays. The X-ray albedo of the nucleus may in itself be of 
some interest, and there is a reasonable case to be made for expecting 
that energetic electrons may be produced in some of the more violent 
and unstable regions of the whole solar wind cometary environment 
(notably at the bow shock, the contact surface, and in the tail). 

3. 3 SUMMARY OF SELECTED OBJECTIVES 

Table 3-4 is a compilation of selected scientific objectives chosen 
to be consistent with the priorities and constraints discussed above for 
a single spacecraft on a 1984 rendezvous mission to Encke. 

Table 3-4. Selected Minimal Objectives of 1984 Encke 
Rendezvous 


1) Measure external physical characteristics of nucleus 
(all of Class 1 in Table 3-2). 

2) Measure size, velocity, and spatial distribution of 
expelled nonvolatile particles (last item of Class 2 
in Table 3-2). 

3) Measure flux, velocity, density, and composition of 
expelled neutral gases and icy grains (all of Class 3 
in Table 3-2). 

4) Measure flux and spatial distribution of ionized coma 
gases (second item of Class 4 and first item of Class 5 
in Table 3-2). 
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Table 3-4. Selected Minimal Objectives of 1984 Encke 
Rendezvous (Continued) 

— — ~~ — 

5} Measure the magnetic and electrical properties in 
solar wind interaction phenomena (second and last 
items of Class 5 in Table 3-2). 

6) Measure modified solar wind in th|f coma (item 2 
in Class 5 of Table 3-2). f 
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4. 1 SELECTION OF INSTRUMENTS 

In order to translate the scientific objectives and reasoning of 
preceding sections into a payload list to which mission -planning factors 
can be related, a set of specific instruments has been selected as repre- 
sentative payload hardware. It is recognized that actual flight payload 
assignments are often difficult, controversial, and occasionally even 
arbitrary. The constraint that the selection ma<'< ‘ re define an essen- 
tial, minimal, or fundamental payload makes the probability very high 
that the choice will suffer all three characteristics. A given measure- 
ment may be regarded as essential by one scientist, superfluous by a 
second, and cause for mission cancellation by a budget planner. 

4. 1. 1 Criteria of Instrument Selection 

1) Instruments having multiple application to several unknown 
properties of the comet should take priority over those 
with comparatively limited use. 

2) Instruments of secondary priority should place corre- 
spondingly less demand on the payload, e. g. , less mass 
allocation. 

3) Relatively undemanding instruments aimed at secondary 
objectives and very likely to make successful measure- 
ments are to be preferred over instruments aimed at 
primary objectives but which are partially redundant, 
demanding, or of doubtful prospect. 

4) The choice of instruments and the judgment of whether 
they satisfy the other stated criteria should be based on 
an examination of the available parameters of "typical" 
existing devices. 

5) An instrument aimed at relatively superficial measurement 
of a secondary property is to be considered fundamental 
and preferable to one aimed at detailed measurement of a 
primary property if inclusion of the former seems likely 

to encourage 'broadened" support of the mission in the 
scientific community. 

6) In addition to being selected for, or rejected from, a 
"fundamental" payload, all instruments considered should 
be categorized according to the roles they might play in 

a rendezvous mission and displayed so the selected ones 
may be examined in the context of all those reviewed. 
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7) Tentative provision should at least be made for instruments 
that promise to fulfill priority functions in a unique way, 
even at the risk that subsequent calculations show that 
successful measurements are uncertain. 

4. 1. 2 Categories of Candidate Instruments 


Instruments have been grouped in four categories: 


Category I. The fundamental payload. Instruments in 

this category measure properties inaccessible 
from the earth and those unpromising for 
measurement with a fly through payload; they 
would be relatively simple and tested by 
experience. 

Category II. Instruments individually omitted from the 

fundamental payload because of at least one 
significant drawback, but from among which 
the payload complement mi ?ht be augmented 
if weight and financial considerations were 
to permit it, or from which substitutions 
might be made if justified by further study. 


Category III. Relatively simple instruments making up, and 
requiring, a separable lander package. This 
is a category of instruments aimed at high- 
priority objectives, but eliminated by the 
constraint that only a unitary spacecraft be 
regarded as fundamental. 


Category IV. Instrumentation which would be valuable to a 
comprehensive mission in which constraints 
on spacecraft size, complexity, and separa- 
bility were lifted entirely. 


4. 2 THE FUNDAMENTAL PAYLOAD 


Table 4-1 lists the instrument complement selected for the f»inda- 
mental payload. At the end of the table the estimated mass of this ■ im- 
plement is shown, broken two different ways into subtotals. The subtotals 
display the emphasis on measurements of nuclear properties and on opti- 
cal means of measurement. The first breakdown reflects che preference 
demanded by the situation anticipated for Encke in 1984. The seconu 
reflects a bias toward measurements compatible with the remote earth- 
based data whose limitations the rendezvous is intended to overcome, but 
on which most future cometary observations will continue to depend. As 



Table 4-1. Category I Instruments. Fundamental Scientific Payload 
Complement for 1934 Encke Rendezvous 


Inrtrumenf 

Property to Which Applied 


TV Image (100 roc 

Size of nucleus 


resolution) 

Rotation of nucleus 

Shape of nucleus 

Appearance of details of nucleus 

Size of hole 

Shape of halo 

Size $ coma 

Shape of coma 

Size of tail (uncertain) 


\ 

Shape of tail (uncertain) 


Multichainel White light 

Albedo of nucleus 


Photometer 

Phase function of nucleus 



Albedo of hal^ 



Phase function of halo 



JR R^iometer 
Pho yimeter 

Miciow^ve At rJ meter 


Brightness nrofile of holo 
Temperature of nucleus 

Fine scale texture of nucleus 

Fine scale size distribution of ice grains a* hato 

Fine scgie size distribution of nonvolatile particles of coma 

Moss of n‘ cleu* 

Size of nucleus 

Surface composition of nucleus 


Rariiomete JV 10CXM500A Distribution of ionized gases in coma, contact surface, and toil 

j Optica! ^article Detecto. Distribution, velocity of icy grains of coma 

tS^ypbtrtl Distribution, velocity of nonvolatile particles of coma 

Moss Spectrometer Flux, velocity, density, spatial distribution of neutral and ionized gases of coma 


^ognetametei 
Plasmo Wa>e Detector 


Magnetization of nucleus 

Magnetic Field con. r iguraiion$ of contact surface, toil, and interaction region 

Electric waves in contact surface, tail, and interaction region 
local electron densities b ionized cuna 


Langfnuir Probe local electron densities in ionized coma 

Hasmc Probe Flux, density, e ergy spectrum of solar wind and reduced solor wind in interaction region 

Fstlmoted mass of instruments mearuring direct properties of the nucleus 43.0 Kg 

Mass of remaining instrument? 9.0 Kg 

fcfo* mass 52 .0 Kg 

estimated mass of optical delectors 33.0 Kg 

Estimated mass of altimeter 6.0 Kg 

1st i mated moss of gas and plotma proper! / anal yzt f* 13.0 Kg 

Total mass 52 .0 Kg 
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the table shows, most of the demanding instruments have application to 
several properties, some to properties of both nucleus and coma. 

The list of instruments splits into two groups, those mounted in a 
fixed position and orientation, and those requiring a scanning capability. 
The fixed group consists of the optical particle detector, magnetometer, 
plasma wave 'detector, and Langmuir probe. The scanning group is 
divided into detectors that will predominantly follow the nucleus: the TV 
camera, photometer, 1R radiometer, mass spectrometer, and microwave 
altimeter - and detectors that will scan the coma or interaction region as 
well, i. e. , the UV radiometer, photopolarimeter, mass spectrometer, 
and plasma probe. These subgroups should be mounted to have scanning 
capabi’ities independent of each other. As will be seen in Section 7, our 
spacecraft implementatic n does not reflect the latter requirement, but for 
simplicity provides only a single scan platform. This platform is time - 
shared in the sense of serving nucleus pointing and coma pointing needs 
on a part-time basis. 

Obviously there are many details of instrumentation such as mea- 
surement ranges, power levels, individual masses, sensitivities, look 
angles, and data rates that are omitted from the table and, indeed, from 
the report. Eventually, an effort to define these quantities will have to be 
attempted, and the capacities of real instruments will ha^e to be matched 
to these quantities. Since most of the. principal objectives of a rendezvous 
mission involve features of which no direct measurements whatever exist, 
it is difficult to assign a desired accuracy to a given measurement. Vir- 
tually any figures would advance our knowledge. Indeed, it may be that 
accuracies or sensitivities with which irdividual measurements she ilu be 
made can best be described in relation to each other. A poll of cometary 
specialists might reveal just how precisely the mass or reflectivity of the 
nucleus needs to be determined to derive. information about Encke that 
would differentiate among theories of cometary, or solar system, origin, 
if this is a serious goal of cometary research. 
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One area in which scientific work needs to be done is in the 
theoretical characterization of the nonacqueous and ionized coma. No 
theoretical computation like that of Mendis et al. (Reference 2-37; see 
Figure 2-15) for the H^O gases has been done for CH^ or for the ions. 

The question, therefore, of how much mass flux of, say, CO + a mass 
spectrometer should expect to encounter at given cometocentric distance, 
or how much light flux from, say, NH^ a spectrophotometer should antici- 
pate over a given solid view angle at a given distance in a given direction, 
is unanswered, even to a reasonable approximation. A decision whether 
particular existing instruments would be suitable to determine such 
unestimated fluxes is clearly not now supportable. It would be misleading 
to include data that would suggest that such questions had been answered 
in the context of selecting a "fundamental" payload as defined here. A 
considerable amount of work is still to be done. 

4. 3 EXPANDED-PAYLOAD COMPLEMENTS 

4. 3, 1 Category II Instruments 

Table 4-2 is a list of devices considered for the fundamental pay- 
load but omitted because of various drawbacks affecting each individually. 
If a payload of capacity larger them that needed for the fundamental com- 
plement were available, instruments on this list might be chosen for fur- 
ther study and possible addition to the experiment package. The gravity 
gradiometer or multichannel radiometer seems an appropriate first 
choice for inclusion in an enlarged fundamental complement. In addition, 
instruments are currently under development that will be capable of 
determining the composition of nonvolatile particles without requiring 
high-velocity impacts (Wetherill private con munication). These are not 
included in the chart, but should they be available by 1980, would cer- 
tainly belong in Category II, and probably in Category I as defined here. 

The argument by which the gravity giadiometer was assigned to 
Category II instead of Category I is worth recounting, since it illustrates 
the way in which the criteria of Paragraph 4. 1. 1 were applied. Measur- 
ing the mass of the nucleus i' 1 an objective of the highest priority, one for 
wh ; ch redundancy couid be justified, Nc gravity gradiometer has yet been 
flown on a spacecraft, however, and two other means of determining the 
mas-, are available without the addition of a separate device. 
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Table 4-2. Category II Instruments. Instruments Individually Omitted 
from Fundamental Payload 


~ 1 

1 Instrument 

— 

Approx 

Moss 

(Kg) 

Property to Which Applied 

Retfon Excluded freu Fun dome (at Payloed , 

- - -- - - 1 

i 

] Scanning Multichannel 
Spectrorodiometer 

1 

8.0 Kg 

Albedo, phase function, 
brightness profiles of 
nucleus and halo in 
selected spectral bonds 

| 

Massive and partially redundont to 
white-light photometer 

j Gravity Grodiometr r 

2.5 Kg 

Gravity gradient of 
nucleus 

Redundant to doppler tracking measure- 1 

ments available without special equipment ; 

j 

X-Ray Spectrometer and 
i V-Roy Spectrometer 

1 

18.0 Kg 

i 1 

Composition of surface 
meterial of nucleus 

Subject to irterference (background) 
problems; require very close approach to 
nucleus for utility 

j Visual Range Spectrometer, 

, IR Fourier Spectrometer, j 

' and UV Spectrometer 

j ‘ 

45.0 Kg 

i 

| 

Composition of emitting 
gases of coma 

• Massive instruments partial iy redundont tc 
earth -based measurements of secondary 
properties, possibly requiring unacceptably | 
long integration times \ 

! Impact Ionization Sensor 

i 

! 6.5 Kg 

i 

f 

Composition of asteroid 
belt solid particles 

Expected relative velocities of vehicle and 
particles too taw in coma; expected density j 
j of particles too low during cruise ! 

• 

| Total moss j 

30.0 Kg 
L_ 


1 i 

j 


First, there is the prospect of hovering at a measurable thrust just 
balancing gravitational attraction. Secondly, minute gravity perturbations 
of the spacecraft passing the nucleus at close range can be determined by 
doppler tracking from earth, provided the relative velocity is only a few 
meters per second. (These methods will be discussed in Section 6.6.3.) 
The emission of gas from the nucleus would obviou sly affect the applica- 
tion of either method, perhaps drastically. But a device to measure the 
outward mass flux is part of the fundamental payload (mass spectrometer). 
Thus the proper correction for the wind should be available a posteriori. 
Further, nonuniform emission from the nucleus and the reduced cometary 
activity after perihelion passage may yield data at times when a signifi- 
cant correction need not even te applied. ~ 

4.3.2 Category III Instruments 

Ts .ie 4 *3 encompasses a set of what might be termed "fundamental 
experiments" of a lander package. The set would provide some detailed 
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Table 4-3. Category III Instruments. 
Fundamental Lander 
Payload Complement 

Landing Instruments 

Neutron Activation -Spec trometry 

X-Ray Activation Analysis 

or Back -Scattering 

Thermal Frcbe 

Electrical Conductive Probe 

Magnetometer 

Seismometer 

Magnetic Induction Meter 

Estimated Mass 20 Kg 

Lander Vehicle 30 Kg 

Total 50 Kg 


data on composition and structure of the nucleus, which might have 
implications regarding formation of the comet and possibly of the solar 
system as well. This set is of priority interest but has not been examined 
carefully for this mission because of the unacceptable complexity entailed 
in provision for a separable package. 

4. 3. 3 Ca tegory IV Instruments 

Table 4-4 presents two sets of experiments that represent what 
might be termed "luxury" packages for a 1984 Encke rendezvous. The 
first set, which would be stationed in the solar wind in front of the comet 
and free of its influence, is of vital importance to real understanding of 
the interaction of the solar wind and the coma. This is especially true for 
measurements made in the interaction region near perihelion where the 
properties of the solar wind are currently unknown. The properties of the 
interaction region, however, constitute a secondary objective of the mis- 
sion under study. 


Table 4-4. Category IV Instruments. Comprehensive 
Payload Complements 

Solar Wind Monitoring Instruments 

Solar Wind Plasma Analyser 
Magnetometer 
UV Photometer 
Plaama Wave Detector 

Estimated Maaa 7 Kg 

Detachable Vehicle 4 0 Kg 

Total 47 Kg 

Landing Instruments 

Active Seismometer 
Gas Chromatograph 
Sampling Device 

Estimated Mass 56 Kg 


The second set of Table 4-4 would ailow sophisticated analysis of 
the properties of the surface and interior of the nucleus and could be part 
of a fully comprehensive lander package. Such devices on a first rendez- 
vous seem improbable, even under relaxed constraints, but would provide 
important data. 



5. MISSION ANALYSIS 


5. 1 OBJECTIVES AND CONSTRAINTS 

Mission characteristics for the 1984 Encke rendezvous were in- 
vestigated to determine payload performance as a function of flight time, 
arrival time, and thrust parameters. A representative set of trajectory 
data was 'vitially furnished by Mr. Carl Sauer of JPL. Additional 
trajectory simulations were performed by TRW in the course of the study. 

Principal criteria and constraints in the selection of a nominal 
trajectory and of spacecraft size and power are: (1) sufficient payload 
capacity to carry the basic science instrument complement defined in 
Section 4; (2) reasonably fast transfer to the comet; (3) favorable timing 
of the rendezvous from the standpoint of most effective comet exploration; 
and (4) achievement of these objectives at a reasonably low -power level. 
The tradeoffs involved in selecting the mission profile and system charac- 
teristics are discussed in this section. 

In addition to the characteristics of the transfer phase, operational 
modes in the comet's vicinity are of principal interest and are discussed 
in this section. Relative excursions, maneuver and stationkeeping re- 
quirements, and other dynamic and kinematic characteristics associated 
with exploration close to the nucleus were investigated. Navigational re- 
quirements of the comet rendezvous were derived on the basis of earlier 
work by JPL (Reference 5-1), IITRI (Reference 5-2), and TRW, with 
emphasis on the combined use of onboard and ground-based navigation. 

5. 2 ASSUMED ELECTRIC PROPULSION AND LAUNCH VEHICLE 
PERFORMANCE DATA. 

The following engineering characteristics and constraints, con- 
sistent with the state of technology of solar electric propulsion, were 
assumed: 

1) Solar array 

• The boom-deployed rollup array of the type 
developed by General Electric under JPL 
contract has a specific mass of 15 kg/kw. 

An increase of panel size to power levels 
greater than the 2. 5 kw prototype, as re- 
quired for the Encke rendezvous mission, 
is consistent with G. E. 's design approach. 
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2) Power processors 

• Specific mass 5 kg/kw 

• Efficiency 91 percent 

3) Ion thrusters 

• Mercury electron bombardment thrusters are 
assumed here. The maximum burn time on any 
single thruster is not to exceed 10* hours 

(416 days). (Actually, on the basis of earlier 
studies by JPL and TRW, a maximum of only 
350 days per thruster is anticipated for this 
mission. ) 

e In our performance calculations we assume a 
fixed I S p of 3000 seconds consistent with 
currently available thruster designs, with a 
thruster efficiency of 0. 70. 

4) Total specific mass 

e Values of the total specific mass of the solar 
array plus electric propulsion hardware was 
assumed as 30 kg/kw in trajectory calculations. 

This value was subsequently confirmed to be 
realistic by taking into account the required 
number of spare thrusters and power processors, 

5) Propellant tankage 

e For preliminary mission analysis, the tankage 
mass is assumed to be three percent of the 
maximum propellant load. 

6) Solar array power output 

• The solar array output power as function of 
solar distance (for distances above 0. 68 AU) 
is assumed as shown in Figure 5-1., based on 
JPL data, 

• For solar distances below 0. 68 AU a constant 
power output (1. 40 times reference power at 

1 AU) can be achieved if the maximum array 
temperature is limited to 140°C through array 
rotation sway from the sun. Otherwise the 
power output would drop sharply .as tempera- 
ture increases (see Figure 5-1). 

Boosters of the Titan family, Titan J31D/C.:.-. .ur D-1T with five or 
seven se ment solid rocket strapon^ were specifiec - \ launch vehicle 
candxda. j. Trajectory calculations immediately et . - dished that the 
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CONSTANT TEMPERATURE (140 C) 
THROUGH SOLAR ARRAY ROTATION 


POWER LOSS DUE TO \ 
EXCESSIVE TEMPERATURE 


SOLAR DISTANCE (AU) 

Figure 5-i. Normalized Solar Array Output Power 
(Reference: JPL SEMMS Study) 

higher performance seven-segment Titan, is not required since even the 
five-segment Titan has mere than sufficient injection capability for this 
mission. Its nominal performance specified >y JPL- is shown in 
Figure 5-2 assuming a standard 14-foot Viking shroud. For the optional 
10-foot Intelsat shroud considered in this study the injected mass capa- 
bility would be about 100 kg greater. 






Figure 5-2. Injection Performance of Titan IIID(5) /Centaur 
(JPL Model) 

5. 3 TRANSFER TRAJECTORY CHARACTERISTICS 
5. 3. i General discussion 

f ■ 

Various types of transfer trajectories are available for a 1984 
Encke rendezvous as illustrated schematically in Figure 5-3. The same 
arrival time, 50 days before perihelion passage, is assumed in tbe ex- 
/ amples shown. ' We distinguish between direct (Mode A) trajectories 
with transfer angles significantly less than 360 degrees and indirect 
(Mode B) trajectories with transfer angles apprc 'ching or exceeding 
360 degrees. 

Launch dates for the direct trajectories occur about one year apart 
wher arth is near the longitude of the comet's perihelion. Typical trip 
times are 700 and 1050 days, respectively. The smaller or larger 
aphelion distances reflect the different trip times. 


Subsequent tradeoff studies showed that a later arrival, 40 days before 
perihelion, is preferable as will be discussed later. 
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Figure 5-3. Basic Characteristics of Transfer Trajectory 
and Payload Performance 


Launch dates for indirect trajectories are spread over a wide 
range of longitudes, complementing the launch dates for direct flights. 
Trip times range from 800 to 1000 days. A typical feature of indirect 
trajectories is the initial passage inside the earth orbit. This is 
necessary to adapt the flight tine to given departure or arrival dr tee 
incompatible with direct transfer. 

he graph inserted at the upper left of Figure 5-3 shows the trend 

* 

of net spacecraft mass variation with flight time b*sed on optim. ’ 
propulsion power. Actually, only a fraction of the "optimal" power level 


The term net spacecraft mass is used to designate the mass remaining 
after the mass of the solar array, electric propulsion hardware, and 
propellant mass is subtracted from the initial gross mass. 
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indicated in this graph is required to deliver an adequate payload. Earlier 
studies by JPL, TRW and UTR1 have established that power levels of ?0 kw 
and below arc cufficlent. If the resulting net spacecraft mass la at least 
500 kgj about 100 kg of this mass is availab)' for net scientific (instru- 
ment) t ,yload, allowing about 500 kg for spacecraft- structure and engi- 
neering subsystems, and 100 kg for various weight penalties and con- 
tingencies. Scaling laws that relate net spacecraft mass to power level 
have been derived and are well documented in the above referenced studies, 
h. These are directly applicable here. 

.'T^efe^rtog again to the transfer trajectories shown in Figure 5-3, 

. an explahatdpn of the time -varying thrust profiles that are used in the 
direct and indirect flight modes is needed. The principal thrust com- 
ponent applied in the orbi-.c:l plane must initially point iv. a forward 
direction to increase the aphelion radius. Subsequently* as the space- 
craft approaches aphelion the thrust vector must be pointed in a retro- 
grade direction todecrease the perihelion radius. To match Lncke's 
small perihelion radius (0. 34 AU) a large total retroimjulse is required 
near aphelion although the solar electric power available here is only 10 
to 20 percent of its initial level at earth departure. This explains the 
relatively large initial power that is characteristic of the Encke ren- 
dezvous mission. After aphelion and during the rendezvous approach the 
thrust vector points again in pnsi grade direction to further increase the 
aphelion of the spacecraft orbit until it matches that of the comet. 

An appreciable amovrt of out-of-plane thrusting is required in 
addition to the principal in-plane thrush, to match the comet's orbit in- 
clination (12. 0 degrees) and line of nodes. In the direct transfer trajec- 
tories launched near the comet's descending node the out-of-plane thrust 
component is needed largely to increase orbit inclination. In the case of 
indirect transfers the out-of-plane component ie needed for inclination 
changes as well as nodal shift. 
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5. 3. 2 Representative Performance Characteristics 

Figure 5-4 shows performance characteristics of representative 

$ 

trajectories for a SEP reference power of 15 kw. The upper portion 
presents net spacecraft mass as function of flight time for fast and slow 
transfers, with arrival time as a parameter. The lower portion of the 
chart shows the net spacecraft variation with SEP power ranging from 
5 to 15 kw for trip times of 800 and 1050 days. 
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FLIGHT TIME (DAYS) 


_J 2001 — 

800 950 



FLIGHT TIME (DAYS) 




POWER, P 0 (KW) 


POWER, P fl (KW) 


Figure 5-4. 1984 Encke Rendezvous Performance vs Flight Time and Power 

(I = 3000 sec; a = 30 kg/kw; Titan IIID/Centaur/SEP) 

8p 


*i, e . , the input power into the electric propulsion power processor, 
referenced to 1 AU solar distance. 




Time of arrival has a significant effect on net spacecraft mass, 
with an increment of up to 100 kg obtainable for a 10-day delay in arrival 
time in the case of fast missions. An even stronger influence of arrival 
time is noted in the case of slow trips (upper right of the chart). A change 
of the trend in payload mass variation with flight time and arrival date is 
also apparent in this graph, in contrast with the characteristics of fast 
missions. (See also Figure 5-6. ) 

The net spacecraft mass obtainable in fast trips is between 350 and 
600 kg; this increases to about 1200 kg in slow trips. The fast trips use 
direct transfers for flight times between 700 and 750 days, and indirect 
transfers for longer flight times. The slow trips also include direct and 
indirect transfers depending on the launch date, the steep portion of the 
performance curves corresponding to direct flights, and the shallow 
portion to indirect flights. 

Figure 5-5 shows the influence of hyperbolic departure \elocity, 

V , on payload performance for fast and slow trips, with arrival time 
as parameter. The upper portion of the chart shows required thrust time; 
the lower portion shows net spacecraft mass. Performance increases with 
diminishing departure velocity because more of the total energy is con- 
tributed by electric propulsion, as reflected by the increase of total re- 
quired thrust time (shown in the upper portion of the chart). The lower 
limit of V is reached when the thrust time equals the flight time. 

Increasing the total thrust time as a way to gain payload capacity is 
desirable as long as this does not compromise system reliability. We 
have investigated this tradeoff and found that in the case of "short" 700 to 
800 -day trips an extension of thrust time is much more important in the 
interest of gaining payload capacity but also more acceptable from a 
reliability standpoint than in the case of long trip times. Nevertheless, 
it appears desirable to allow for at least some coast time even in a short 
flight mode to provide a margin against certain propulsion system con- 
tingencies. (As will be discussed below the selected nominal 800 -day 
mission profile includes a coast period of about 50 days. ) 
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Figure 5-5. Payload Performance . nd Thrust-On Time 

(1984 Rendezvous; P (; - 15 kw; I sp = 3000 sec; 

0£ = 30 kg/kw; Titan DID/Centaur/SEP) 

Figure 5-6 shows an overall mission map which summarizes results 
of the trajectory and performance analysis for 15 kw of SEP reference 
power. Contours of net spacecraft rru'.ss a.*e plotted against launch time 
and arrival time. Flight times are indicated by diagonal lines of slope +1. 
Payload contours are shown for short and long trip times. The choice of 
direct or indirect transfer trajectories is determined by the launch date. 

5.3.3 Selection of Preferred Transfer Trajectory 

Regions of favorable and unfavorable operating conditions, and 
criteria for selection of a preferred trar sfer trajectory can be conveniently 
delineated in the missior. map as shown in Figure 5-7. The following 
factors exhibited in this map are relevant to the trajectory selection (not 
necessarily in the order of priority): 
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Figure 5-6. 1984 Encke Rendezvous Mission Map 
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Figure 5-7. 1984 Encke Rendezvous Mission Map; 

Criteria for Trajectory Selection 
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a) Net spacecraft contours delineate regions of 
adequate payload performance, indicated by 
cross hatching. 

b) The preferred time of arrival, dictated by 
scientific observation objectives, is indicated 
by a shaded horizontal strip (50 to 30 days 
before perihelion). 

c) Diagonal lines are time of flight contours. 

Since reliability decreases with flight time, 

(and total thrust time) these lines an also 
be interpreted as reliability conto rs. Short 
flight times are preferred. 

d) The launch date is relevant in dictating the 
required procurement schedule and in relating 
the 1984 rendezvous to the 1980 flythrough 
opportunity. Time elapsed between the post- 
ulated earlier Encke flythrough (November 1980) 
and launch of the rendezvous spacecraft is shown 
in a separate scale at the bottom of the map. 

A late launch (e. g. , December 1981) is preferable 
for most effective utilization of data on Encke 
received from the flythrough mission. It also 
provides additional lead time for program 
development. 

The launch date also dictates the use of direct 
or indirect flight modes with April 1981 and 
1982 being in the center of direct flight oppor- 
tunities. Indirect transfers that initially approach 
very close to the sun (e. g. , with launch dates in 
the fall of 1980 and 1981) should be avoided, as 
they may lead to potentially severe early solar 
array degradation. 

e) Navigation is constrained by timing of the 
spacecraft arrival at the comet: for ground 
based navigation the time of comet recovery and 
for onboard navigation the time of earliest onboard 
acquisition (indicated at the left) is relevant. 
Terminal navigation is facilitated by arrival timing 
50 days before perihelion or later consistent with 
scientific objectives. 

f) Spacecraft design criteria and environmental con- 
ditions favor arrival timing no earlier than about 
50 days before perihelion and no later than about 
30 days before perihelion consistent with science 
constraints. 


\ 
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Some of these criteria require further discussion. 


Payload performance (criterion a) must be reinterpreted if an SEP 
power different from 15 kw is selected. Direct scaling is appropriate; 
e. g. , if the power is scaled down to 10 kw a net spacecraft mass of 500 kg 
would correspond to an equivalent value of 750 kg on the map. For 12 kw 
the equivalent net spacecraft mass is 625 kg. 

Time of arrival (criterion b) is partly dictated by the comet explora- 
tion strategy (see Section 6). Our study shows that with arrival 40 days 
before perihelion adequate time is available for coma/tail exploration 
maneuvers when the comet is most active, while arrival at the nucleus 
is still possible before perihelion. 


Other criteria for time of arrival selection are imposed by space- 
craft design, spacecraft environmental protection and electric propulsion 
constraints. For example, late arrival with the terminal thrust phase 
occurring close to perihelion makes the mission more critically dependent 
on the solar array, increases the thermal load on the thrusters and 
demands addition of standby thrusters. 

The preferred operating region is delineated by the brackets of 
favorable arrival times (30 to 50 days before perihelion), short flight 
times 750 to 850 days and the lower limit of ne 4- spacecraft mass, 500 kg. 
The dates of the selected nominal trajectory (Option 1) are: 


* Flight time 800 days, arrival on 16 February 1984 
40 days before perihelion 

• Launch date 8 December 1981 

The net spacecraft mass is 527 kg at 15 kw, or 422 kg at 12 kw of 
nominal SEP power. If a small increase in payload capacity is needed we 
may use one of the following options: 




Increase flight time to 830 days: AM^ 

Change arrival date to Tp - 35: AM 2 

Change SEP power to 13 kw: 

Combination of all three options: 2 AM. 


We conclude that sufficient incremental payload capacity i< 
the immediate vicinity of the nominal operating point. 


25 kg 
32 kg 
35 kg 
92 kg 

available in 
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An alternate operating point that is available if increased payload 
capacity is absolutely required is shown in the mission map as Option 2: 

• Flight time 1075 days; arrival on 16 February 1984 
40 days after perihelion 

• Launch date 8 March 1981 

The net spacecraft mass is 1100 kg at 15 kw or 880 kg at 12 kw. This 
trajectory option would permit a reduction in SEP power level to 5. 8 kw 
to yield the same payload as Option 1, 

Figure 5-8 shows the ecliptic plane projection of the selected 
nominal trajectory (Option 1). Note that this is an indirect trajectory 
which passes to within 0. 74 AU of the sun 65 days after launch. Fig- 
ures 5-9 (a) through 5-9 (c) show time histories of heliocentric longitude 



Figure 5-8. Nominal 1984 Encke Rendezvous Trajectory 
(Projected into Ecliptic) 
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and latitude, radius, power profile, thrust acceleration, thrust cone and 
clock angle and relative geometry characteristics with respect to earth, 
sun and comet. A ;:oast period of 49 days is included starting 130 days 
after launch. (A payload increase of about 30 kg is achievable by ex- 
cluding this coast period, i. e. , increasing the total thrust time to 
800 days, and using a departure hyperbolic velocity of 7. 5 rather than 
8 km/sec. ) 

Figure 5-10 shows the relative trajectory with respect to the comet 
for the last 100 days of the transfer, projected into the comet orbit plane. 
The graph at the bottom of Figure 5-10 shows thrust vector cone and clock 
angles as well as line-of-sight angles to the comet in spherical coordin- 
ates for the last 100 days before rendezvous. During the time interval 
critical for onboard terminal navigation the thrust vector orientations are 
almost diametrally opposite to the line-of-sight orientations. It follows 
that the optical navigation sensor must look in the general direction of the 
thrust beam, subject to field-of-view obstruction by the spacecraft body. 
This may require reorientation of the spacecra't long enough to permit an 
unobstructed view of the target by the TV sensor, possibly accompanied 
by thrust interruption. 

5. 3. 4 Non -Optimal Thrust Pointing 

A study of payload reduction that would result from non-optimal 
thrust pointing was performed to determine whether a rotatable solar 
array is essential to the mission. As shown by the time history of optimal 
thrust vector cone angles for the nominal 800-day mission (Figure 5-9(b)), 
the largest departure from the average, (about 90 degrees from the sun- 
line) is +80 degrees. Constraining the cone angle to a fixed value in the 
70 to 90 degree range reduces the net spacecraft mass by about 20 percent 
(104 kg), i. e. , more than the total projected net payload capacity for 
science instruments. A 3. 1 kw increase in power would be required to 
offset this effect. In the case of a slow transfer (1050 days) the net space- 
craft capacity is decreased by about the same amount (100 kg). In view of 


Cone and clock angles are defined in accordance with conventional JPL 
usage, (see also Section 6. 7. 2). 
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Figure 5-10. Final Approach to Rendezvous and Pointing Geometry 

the much larger payload capacity provided by this mission mode this loss 
is only 10 percent and therefore more acceptable. 

The possibility of rotating the entire spacecraft by a limited angle 
(+20 degrees) from the average fixed orientation, was also considered as 
an alternative to using solar array rotation. This resulted in a payload 
loss of about 50 kg, or 10 percent, in the fast mission mode. It would 
still have to be compensated by an equivalent power increase of 1.6 kw. 



■ 4 
£ 

i 


■r 



i 




The weight increment required for adding a solar array rotation 
drive and electronics is estimated to be 16 kg based on an earlier design 
study. The decisive factors which make a rotational solar array drive 
preferable are not only the improved payload performance, but also the 
important functional advantages of unconstrained thrust pointing for 
guidance and comet exploration maneuvers, and greater convenience in 
rotating the solar array away from full sun orientation for thermal 
protection at solar distances below 0. 68 AU, as will be discussed in 
Section 7. 

5. 4 RELATIVE MOTION 

5. 4. 1 Relative Trajectories Through Coma and Tail 

Coast trajectories of the spacecraft relative to the comet center 
were calculated to permit: 

• Investigation of alternate coma and tail 
exploration modes 

• Selection of a preferred excursion pattern 

• Evaluation of time and maneuver require- 
ments during this mission phase. 

Figure 5-11 shows typical coast arcs in cometocentric coordinates 
with the sunline pointing to the left and the comet's velocity pointing up- 
ward as indicated by arrows. The trajectories originate at the comet 
center, running toward or away from the sun. To illustrate the influence 
of the comet's orbital position we assumed two starting times, 

T 0 = T p - 50 days (Figure 5-1 1(a)) and T q = T p (Figure 5-1 1(b),. The 
curves are for different departure angles 0 defined as the orientation of 
the initial velocity ^ relative to the vertical coordinate axis, positive in 
clockwise direction. The elapsed time is indicated parametrically by 
dashed curves. 

To simplify the computation the effect of the infinitesimal nucleus 
gravity was neglected and the initial velocity was assumed to be the 
result of an impulse maneuver, although electric propulsion is preferred 
over chemical propulsion to conserve propellant mass. The impulsive 
thrust approximation is quite adequate because the low-thrust system 
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having a AV capability of 40 to 50 m/sec per day would be used only 

during a very short initial segment of each arc. The curved characteristics 

reflect the effect of solar differential gravity and Coriolis acceleration 

in the rotating frame of reference. Figures 5-1 1(c) and 5-ll(d) show 

the maximum lateral excursion and the crossover range achievable with 

initial velocity increment AV^ as parameter. For example, with 

AVj = 30 m/sec applied at T q = a distance of about 50, 000 km can be 

reached in 20 days. 

Figure 5-12 shows corresponding trajectories for AV = 20 and 
30 m/sec obtained with an initial offset of 50, 000 km on the sunward side 
starting at T q = - 50 days and running toward the comet center. 

Identical coast arcs "'ould be obtained for a symmetrical offset point on 
the other side of the comet center simply by rotating the graph 180 de- 
grees around the origin, as can also be seen in Figure 5-11. This is 
explained by the symmetry of the dynamic effects governing the relative 
motions. 

In addition to coast arcs that are the result of an initial velocity, 
Figure 5-12 also shows the drift, or control-free path, that would occur 
if no AV were applied, as the result of the solar differential gravity that 
exists at the offset point. The rate of drift increases linearly with the 
radial offset distance. Continuous or intermittent thrust is necessary 
to cancel the drift rate if st?4ionkeeping is desired. 

Since the relative motions considered here are very small orbit 
perturbations relative to the comet, maximum excursions being at least 
three orders of magnitude smaller than the solar distance, the velocities 
and resulting excursions can be scaled proportionally. With this tech- 
nique composite pattern of excursions and their velocity requirements 
can be readily synthesized from the data provided above. 

Figure 5-13 shows two tvpes oi comet exploration maneuvers thus 
obtained. The first type has been analyzed by IITRI (Reference 5-2). It 
provides excursions of +20, 000 km from the nucleus for about 60 days 
including a stationkeeping period of ten days. The AV requirement is 
about 160 m/sec. 
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Figure 5-13. Comet Exploration Maneuvers 


The second type starts at a 50,000 km offset on the sunward side 
rather than at the nucleus and includes an excursion toward or into the 
tail to 50,000 km. The time requirement is 30 days, and the total AV is 
about 240 m/sec. The depth of tail exploration can be adapted in accord- 
ance with observations from earth, as determined by the presence or 
absence of a prominent tail during the 1984 encounter. This exploration 
mode appears preferable, since it permits systematic mapping of the 
coma and tail during the most active phase of the comet while avoiding 
the more hazardous nucleus environment during that time. This will be 
further discussed under exploration strategy (Section 6). 
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An important consideration in defining preferable exploration 
patterns is that of effective protection against the severe thermal en- 
vironment during closest solar approach, i. e. , the 60-day period centered 
at perihelion. We note that in the second comet exploration pattern 
shown above the final nucleus rendezvous phase occurs almost at perihelion 
and thrust modes that require pointing the ion engines directly at the sun 
must be avoided to prevent excessive heating. * 


It should be noted that the 
excursion pattern discussed in 
this section is confined es- 
sentially to the orbital plane of 
the comet. Excursions out-of- 
plane should be minimized be- 
cause, in contrast with relative 
motions in the plane, the veloc- 
ity that would be required to 
return to the nucleus increases 
rapidly with distance. Out-of- 
plane relative trajectories are 
shown in Figure 5-14, where x Figure 5-14. Relative Trajectories 

and z are coordinates of the ™ ith Out-of-Plane 

Components 

comet's meridian plane with x pointing radially away from the sun, and 
the z axis pointing south. 



5. 4. 2 Perturbing Forces and Stationkeeping Requirements 

The principal perturbing influences acting on the spacecraft that 
are of interest from a standpoint of stationkeeping requirements are these: 


1) Solar differential gravity 

2) Solar pressure 

3) Gas flow pressure 

4) Nucleus gravity 


Solar differential gravity is only an apparent perturbation effect which is 
introduced by our adopting the rotating cometocentric coordinate system 
as a reference frame. However, it is by far the dominant effect that 
must be compensated if stationkeeping at a fixed relative position, more 
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than a few hundred km from the nucleus, is desired. It may be expressed 
in first order approximation by the following linearized equations: 


Aa 
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- (3 + sin^ y ) 

r_ ° 


Aa 
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8in Zy <> 

2r o 


where 

Aa = relative acceleration along the solar radius, 

1 positive inward 

Aa = relative acceleration perpendicular to the 
P solar radius, positive in the direction of 
the comet's motion 

p = radial component of relative distance of 
the spacecraft from the comet center, 
positive in antisolar direction 

r = solar radius 
o 

p = gravitational constant 

y = orientation of comet velocity vector with 
° respect to circumferential direction in 
heliocentric coordinates, positive when 
pointing inward. 

The component Aa is much smaller than Aa , and vanishes at 
P 3 r 

perihelion (y Q = 0). Because of the factor l/r Q the differential gravity 
effect is about 25 times larger at perihelion than at 1 AU, i. e. , at the 
time of arrival. For an offset of 20,000 km at perihelion the acceleration 
is about 6 micro-g. Thus for a 1000-kg spacecraft a compensating thrust 
force of about 0. 06 Newtons (13 millipounds) would be required for 
stationkeeping, i. e. , more than ten percent of the typical SEP thrust 
capability (100 millipounds) available. A duty cycle of 1:8 would be 
required if full thrust were used intermittently for stationkeeping at this 
distance. This corresponds to a AV of 5. 1 m/sec, and a propellant ex- 
penditure of 0. 166 kg per day of stationkeeping. 
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Figure 5-15 shows the different perturbing forces acting on a 1000 kg 

2 

spacecraft having a 100 m solar array, as function of distance p from 

the nucleus. The solar distance is 0. 34 AU (perihelion). Forces due to 

gravity and gas flow pressure, decreasing with the inverse square of the 

distance p tend to cancel if the solar array is fully deployed. A model of 

maximum gas flow pressure was derived from the estimated mass flow 

5 13 

rate from the nucleus of 6 x 10 grams/second, or 10 g/year (see 
Section 6). Note that this mass flow model has an uncertainty range of 
an order of magnitude. The resulting maximum gas flow pressure is 
about 60 millipounds at the surface of the nucleus, but only one milli- 
pound at a distance of 10 km. Partial retraction of the solar array would 
reduce the gas flow pressure effect, but at the same time makes the net 
difference between gravity and flow pressure forces larger. 
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Figure 5-15. Perturbation Forces and Thrust Requirements 
in Center of Comet 

Gravity acceleration at the surface of the nucleus (radius = 1.8 km), 

6 3 2 

based on an assumed mass of 2 x 10 g is 0. 41 x 10" J m/sec . Thus the 
gravity force that would be acting on a spacecraft hovering near the 
surface is 90 millipounds. The nucleus gravity and solar differential 
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gravity effects are equal at a distance of 30 to 40 km as shown in the 
graph. 

Solar pressure at perihelion was determined for a fully deployed 
solar array and a feathered array, i. e. , an array turned away from the 
sun for thermal protection. It ranges from 0. 1 to about 1 millipounds. 

We observe that the combined effects of the various perturbing 
forces are smallest at distances ranging from 20 km to several hundred 
km. This local dip in the perturbing forces is of interest, if the space- 
craft should be required to maintain station for an extended period (20 to 
30 days) in the penumbra of the nucleus for purposes of thermal protection, 
as discussed in the following paragraph. 

5. 4. 3 Thermal Protection of Spacecraft Behind Nucleus 

The possibility of placing the spacecraft behind the nucleus for some 
period of time to provide thermal protection during close solar approach 
has been suggested in the literature. Preliminary analysis of this con- 
cept leads to the results shown in Figure 5-16 (a) through (d). If, for 
example, the spacecraft hovers in the penumbra at about 196 km distance 
from the nucleus in partial solar eclipse of 50 percent, the maximum 
attainable at this distance, if the sun subtends an angle of 1. 58 degrees 
(0. 34 AU), a corresponding reduction of the thermal factor Q (Q = ratio 
of local solar flux to flux at 1 AU) by 50 percent can be achieved. The 
maximum thermal factor reached at perihelion, Q max = 8. 65, is thus 
reduced to 4. 33 which corresponds to an equivalent solar distance of 
0. 48 AU. Figures 16(c) and id) show the shielding effectiveness of staying 
in partial eclipse as a function of time. For example, the thermal factor 
is reduced to 5 if the probe remains in partial eclipse for 23 days 
centered at perihelion. The required dwell time for 60 percent shielding 
is 33 days. These cases correspond to an equivalent closest solar ap- 
proach of 0. 45 and 0. 54 AU, respectively. 

The radial distance from the nucleus must be varied with time as 
shown in Figure 5- 16(d) to maintain a specified effective thermal factor 
Q which is Q times the eclipse fraction. The dependence of the eclipse 
fraction upon radial distance and lateral offset is shown in Figure 5- 16(b). 
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Figure 5-16. Thermal Protection of Spacecraft Behind Nucleus 

As previously mentioned, the stationkeeping requirements to 
compensate for solar differential gravity are modest at distances of 100 to 
about 1000 km. Intermittent thrust at duty cycles of the order of one 
percent, even with a partially retracted solar array, would be adequate 
to maintain the desired position in the penumbra. The spacecraft will tend 
to drift in a retrograde direction and must be pushed back toward the 
penumbra's leading edge by intermittent thrust action. In addition, low 
thrust will be required to change the relative position with respect to the 
nucleus from 200 to about 500 or 1000 km in accordance with changing 
solar distance as shown in Figure 5- 16(d). 

The advantage of thermal protection must be weighed against the 
constraint on spacecraft position during an important part of the mission, 
hence a possible reduction of scientific data yield, and against the 
stationkeeping maneuver requirements. We recommend this thermal 
protection approach only as an emergency meaeure to cover unforeseen 
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contingencies and to save a mission that would otherwise ir.il due to ex- 
cessive heating. 

5. 4. 4 Chemical Propulsion Requirements 

In addition to performing the primary propulsion tasks of the earth- 
to-comet transfer, including the necessary guidance maneuvers, the SEP 
system can also serve to perform most of the auxiliary thrust fi* actions 
required during the comet exploration phase. Thus, a full-fledged, 
auxiliary chemical propulsion system is avo.'ded and the propellant mass 
expended during this phase of the mission is drastically reduced. Maneu- 
ver requirements that cannot be met by low -thrust propulsion can be 
handled by the hydrazine attitude control thrusters. Use of these thrusters 
in a dual mode for velocity control ard attitude control is flight proven, 
simple and economical. The low impulsive thrust oi' 0, 005 g's also 
minimizes dynamic loading of the solar array and other flexible appendages 
(e. g. , experiment booms). 

The question of how much hydrazine propellant i _ust be provided 
for auxiliary thrust pruposes is «mportant because of the stringent limita- 
tions on payload capacity imposed by the selected transfer trajectory and 
power level. A generalized parametric approach is used here to 
delineate propulsion tasks that should be performed by the auxiliary 
chemical thrusters. This approach takes the time constraints of SEP 
maneuvers and the mass penalties of chemical propulsion maneuvers in- 
to account. 

Figure 5-17 shows regimes of typical low-thrust and high-tbrust 
operations in a force versus velocity diagram with thrust time as para- 
meter. Propellant mass for chemical versus electric propulsion is also 
shown on the abscissa axis, assuming a gross spacecraft mass of 1000 kg. 

The propulsion requirements for guidance corrections, stationkeeping, 
coma, tail and nucleus exploration maneuvers can be handled adequately by 
low thrust with times of operation ranging from several hours to several 
days. Thip is delineated by the shaded area at the lower right. A large 
saving of propellant mass compared to chemical propulsion can thus be 
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Figure 5-17. Regimes of SEP and Chemical Propulsion Use 
(1000 kg Spacecraft) 

achieved. However, small rapid maneuvers ±n the vicinity of the nucleus 
such as terminal approach maneuvers, collision avoidance maneuvers, and 
circumnavigation, delineated by the shaded region in the upper left, require 
chemical propulsion because of time constraints. 

This is further explained by Figure 5-18 in terms of the range of 
maximum excursions achievable by the low-thrust system as a function of 
time, compared to what is needed in various comet exploration phases. 

The solid line designated Sp shows the maximum transverse maneuver 
achieved by full thrust application (see diagram inserted at the upper left). 
The dashed lines S show the forward motion of the spacecraft during the 
same time interval at typical velocities for coma/tail exploration, 
terminal nucleus approach and near-nucleus maneuvers, 50, 5 and 0. 5 
m/sec, respectively. Intersections of the dashed lines and the solid line 
relate worst-case maneuver durations with required excursions. It is 
apparent that the long-duration maneuvers in coma and tail and during the 
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5-18. Maneuver Capabilities of SEP Thrust in Representative 
Tasks (1000 kg Spacecraft, Maximum Acceleration: 

50 micro-g) 

nucleus approach with excursions of the order of 10, 000 and 100 km can 
be met adequately by electric propulsion whereas the close-range 
maneuvers of 1 to 10 km would require too much time, and therefore 
demand addition of the chemical propulsion capability. The time delay of 
10 to 3U minutes that elapse between transmission of a ground command 
signal and the return of a TV image from the spacecraft must be taken 
into account in setting time limits for maneuver execution. An estimate 
of the total maneuver requirements for which the use of the hydrazine 
propulsion is essential (i. e. 10 to 20 maneuvers ) is 40 to 50 m/sec 
which corresponds to about 20 kg of hydrazine propellant. This figure 
takes into account the 2:1 savings in AV expenditure that is achieved by 
impulsive thrusting compared to SEP operation with 100 percent thrust 
time. 


'fi 


See also Section 6. 6. 2 for AV requirements. 
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5. 5 NAVIGATION 


5. 5. 1 Navigation Concept 

Previous studies (References *-1 through 5-4) have established 
the feasibility of accurate low-thrust navigation using ground-based 
precision doppler tracking and orbit determination. For a comet rendez- 
vous mission an onboard terminal navigation sensor is required in addition 
to determine the vehicle* s relative position with respect to the comet. 

This is necessary since the uncertainty of the comet's trajectory charac- 
teristics dominates all other error sources. 

As shown in Figure 5-19, taken from a recent comet rendezvous 
study by IITRI (Reference 5-2), the ground station receives the results 
of the optical fixes made by the spacecraft sensor, performs orbit 
determination based on these data as well as on doppler tracking data 
and telescopic observations of the comet, and transmits terminal guidance 
commands to the spacecraft. Thus, in spite of the complexity of the 
overall navigation task the spacecraft onboard system can be kept reason- 
ably simple. 



COMPUTATIONAL FUNCTIONS 


Figure 5-19* Rendezvous Navigation Functional Diagram 
(From IITRI Study) 








Several factors inherent in the trajectory characteristics of a low- 
thrust mission to Encke are helpful in simplifying the navigation problem: 

1) Low-thrust operation permits substantial 
guidance corrections at negligible extra propellant 
cost. This includes major terminal guidance 
maneuvers after ground-based recovery and onboard 
acquisition of the comet. 

2) The low closing rate permits successive terminal 
navigation measurements and trajectory corrections 
without critical time constraints. 

3) Encke 1 s ephemeris can be predicted with higher 
accuracy for a given mission year than that of 
other comets because of its short orbital period, 
frequent observations in the past and the highxy 
developed theory of its non-gravitational perturbations. 

Results obtained by IITRI (Refeience 5-2) for a 1980 Encke rendez- 
vous mission are directly applicable to the 1984 mission because at least 
the second half of the transfer trajectory is comparable with similar 
arrival dates relative to Encke' s perihelion passage. 

In this study we have adopted IITRI' s midcourse navigation data 
but modified the terminal phase by introducing a simpler mechanization. 
Instead of requiring a high accuracy for arrival at the nominal target 
point, i. e. , the comet's nucleus in the case of IITRI's mission concept, 
we are proposing rendezvous in two stages. 

1) The nominal first target point is at a large 
offset distance, typically 50, 000 km from the 
nucleus on the sunward side. Accuracy at this 
stage is not critical for accomplishing the 
mission. 

2) The final rendezvous target is the nucleus which 
is reached after initially performing a sweep 
through the coma/tail region and removing 
residual navigation errors at the same time. 

3) Thus, an accurate final rendezvous can be 
achieved without demanding early target 
acquisition or high -re solution accuracy by 
the spacecraft optical navigation sensor. 

This modified terminal navigation concept will be discussed below in 
greater detail. 
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5. 5. 2 Representative Navigation Characteristics of a Single-Stage 
Rendezvous Mission ~ 

Navigational characteristics of the transfer phase obtained in the 
IITRI study are summarized in Table 5-1. The results reflect the 
uncertainty in measuring position and velocity by doppler tracking due to 
the "process noise" of random thrust magnitude and pointing angle errors. 
Coast periods which occur initially and toward the end of the transfer 
phase improve tracking accuracy and thus keep position and velocity 
uncertainties at a low level. 

Table 5-1. Midcourse Navigation Characteristics of 

1980 Encke Rendezvous (From IITRI Study, 

Reference 5-2). 


Gene ral 

Trip time to rendezvous 
Rendezvous date 

Unguided terminal position deviation 
Unguided terminal velocity deviation 

Orbit Determination 

Maximum position uncertainty in rmdcourae 
Maximum velocity uncertainty in midcourse 
Terminal position uncertainty 
Terminal velocity uncertainty 

Guidance 

Maximum position deviation in midcourse 
Maximum velocity deviation in midcourse 
Terminal position deviation 
Terminal velocity deviation 


950 days 
T - 50 days 
i. 7 x 10° km 
205 m/sec 


*-4000 km 
0. 25 m/sec 
750 km 
0. 4 m / sec 

245 x 10^ km 
1 1 m / sec 
1000 km 
0. 5 m/sec 


*AU accuracy figures represent la 

Assume* earth-based reference; does not reflect errors relative to comet. 


Current studies performed by JPL show that DSIF tracking accuracy 
can be improved even without such coast periods by using the new quasi- 
long-baseline interferometry technique and by refined filtering. In any 
case, the comet position uncertainty assumed to be 3,000 km (lcr) at the 
rendezvous point is generally several times larger than the resid- al error 
of ground-based orbit determination of the spacecraft toward the end of the 
transfer phase. Hence, the requirement for terminal navigation by means 
of an onboard optical sensor. 
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Table 5-2 summarizes the characteristics of terminal navigation in 
the single-stage rendezvous investigated by IITRI. The optical sensor is 
assumed to have a 0. 1 milliradian (20 arc sec) angle tracking error, in 
accordance with the specified angular observation accuracy of the high- 
resolution TV image system of Mariner 1969 and 1971 which was con- 
firmed experimentally during Mars encounter (References 5-5 and 5-6). 
IITRI's study assumes that the comet can be acquired by the optical 

Table 5-2. Terminal Navigation Characteristics of 

1980 Encke Rendezvous (From IITRI Study, 
Reference 5-2) 


Gene ral 


Observation interval 
Observation error 

Vidicon detection threshold 
Onboard recovery 

Nominal aim point offset 
Approach Orbit Determination 

*3* v sj t 

Initial range uncertainty before earth-based recovery 29,000 km 

after earth-based recovery 24,000 km 
after onboard recovery 10, 000 km 

Terminal range uncertainty 10 km 

Initial miss uncertainty before earth-based recovery 18,000 km 

after earth-based recovery ^3, 500 km 

after onboard recovery 400 km 

Terminal miss uncertainty 10 km 


One day 
20 arc sec 

9th magnitude 
60 days before 
rendezvous 

1000 km 


All accuracy figures represent lir. 

Range measured along approach velocity 
Miss orthogonal to approach velocity. 


navigation sensor as an object of 9th magnitude at a range of about 
4x10 km, 60 days before rendezvous. At this time the miss uncertainty 
decreases sharply by about an order of magnitude to 400 km; after 50 days 
of continuous tracking it. will be reduced to 10 km. Range uncertainty 
decreases only much later, but reaches values below 100 km four days 
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before rendezvous. These values were obtained with initial miss and 
range uncertainties of 20,000 to 30,000 km that reflect comet ephemeris 
uncertainty before recovery of the comet at earth, as listed in Table 5-2. 

5. 5. 3 Comet Ephemeris Uncertainty 

The positional uncertainty of Encke prior to recovery at earth, in a 

given mission year, in estimated as 30,000 km (la) and the uncertainty of 

the time of perihelion passage as 0. 005 to 0. 01 days. After earth recovery, 

which typically occurs at 150 days before perihelion, the comet ephemeris 

can be rapidly updated, and position uncertainties reduced by about an 

order of magnitude. These uncertainty levels are reflected in the IITRI 

study. Additional information received from B. G. Marsden, of the 

Smithsonian Astrophysical Observatory indicates that the time uncertainty 

-4 

of perihelion passage can be reduced to 10 days under favorable circum- 
stances. Residuals of angular position for Encke are about 2 arc sec. A 

-4 - 3 

time uncertainty of 10 days at perihelion projects to 10 days at the 

time of rendezvous which is consistent with a positional uncertainty of 
3, 000 km at that time. Residual velocity uncertainties at perihelion are 
estimated to be of the order of 20 to 30 m/sec. This projects into an 
uncertainty about six times smaller at 1 AU, typically 3 to 5 m/sec. 

These estimates play an important role in the proposed simplified ter- 
minal navigation approach. 

5. 5. 4 Simplified Terminal Navigation in a Two-Stage Rendezvous 

The two -stage rendezvous concept simplifies terminal navigation 
and reduces the accuracy requirement of optical navigation fixes. Two 
options are of interest: 

a) Incomplete terminal navigation prior to the nominal 
rendezvous as a result of late comet acquisition. 

b) Deferment of terminal navigation until after the 
nominal rendezvous. 

In the first case the navigation error at the nominal aim point is about 
1, 000 km. In the second case the error is about 3, 000 km (la), since the 


Personal communication. (See also Appendix D. ) 
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spacecraft trajectory has not been updated with respect to the comet. This 
error therefore reflects all of the comet’s position uncertainty* 

The large position error that remains at the start of the coma 
exploration phase is of no serious concern since enough time is left for 
precise terminal navigation while passing through the coma. The small 
terminal guidance corrections of 5 to 10 m/sec can be readily performed 
by the electric propulsion system during turnaround maneuvers. Spacecraft 
orientations required for these maneuvers are compatible with thermal 
control capabilities (see Section 7). 

This approach has the following advantages. 

1) The TV system resolution that is required 
for navigation purposes can be reduced so as 
not to exceed that required for scientific 
observation purposes (i. e. , 0. 5 milliradians). 

2) Onboard target acquisition may be delayed at 
least until ten days before the nominal first 
rendezvous when the range is less than 10^ 
km and target brightness has increased to 
4th magnitude. This permits a reduction of 
the TV optical system size and sensitivity 
and eliminates ambiguity in target identifica- 
tion. 

3) A wider field of view (5 by 5 degrees) is 
provided. This increases the number of 
bright reference stars available for navigational 
fixes by a factor of 20 on the average. 

In summary, compared to terminal navigation in the single-stage 
rendezvous concept, navigational fixes carried out during the 30-day 
transverse of the coma are simpler, faster and more accurate because 
of larger line-of-sight rotation rate, smaller target range, smaller 
relative velocity, and greater target brightness. The system becomes 
less costly, not only because of simpler optics but also because of reduced 
calibration and pointing accuracy requirements. 

Terminal guidance accuracy can be determined in first approxima- 
tion based on the geometry of target observation illustrated in Figure 5-20. 
The sketch at the left shows the influence of angle errors on the triangula- 
tion scheme where T^ and T^ are two consecutive relative positions of the 
target as viewed from the spacecraft. The subtended angle £ is found by 
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Figure 5-20. Effect of 6€ and 5V on Terminal Navigation 
Accuracy (Simplified Geometrical Model) 

repeated observation of the target with respect to nearby reference stars. 
The angle error fa of the navigational sensor determines the dimensions 
a f , b^ of the error ellipse for a given baseline S and subtended angle e. 
This navigation erroi is plotted in Figure 5-21 as a function of range with 
subtended angle £ as a parameter. 

Referring again to Figure 5-20, the influence of a velocity error 
dV on the triangulation accuracy is shown on the right. In the presence 
of a velocity error the baseline becomes S + 6S = (V + dV)T^ where T^ 
is the time interval between observations. The error distance <JS 
determines the dimensions of the error ellipse for a given nominal base- 
line and subtended angle. The resulting navigation error is plotted in 
Figure 5-22 as a function of range with flV/V and iV Tj^ as a parameter. 

An improvement of the relative velocity error iV/V is to be 
expected as a result of continued orbit determination. Thus, the naviga- 
tion error a € can be assumed to be reduced in the manner shown by 
dashed arrows. 

The geometry diagram shows that an increase in the line -of- sight 
rate reduces the error due to fa but also, indirectly the error due to 6V 
since the observation time interval can be shortened, and 6 S is 
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proportional to T^j. Although the illustration does not show the out-of- 
plane error components, it is easily Bern that they are of the same size 
as the semi-minor axis of the respective error ellipses shown in 
Figure 5-20, 

Table 5-3 summarizes representative navigation accuracies 
obtainable at two phases of the final rendezvous approach. The errors 
due to fa and 0V are assumed as statistically independent and combined 
in an RSS sense in the last columns of the semi-major and semi-minor 
axes. 

A large reduction of navigation error due to the decreased range at 
the second nucleus passage as shown in the table is typical for this 
navigation technique. We note that with a reduction of velocity uncertainty 
dV during the time between the two passes (not reflected in the results 
shown) the a^. and by components should be further decreased. These 
results are based on a sensor accuracy fa of 0. 5 milliradians. The 
proposed sensor design (see next section and Appendix F) with an accuracy 
of 0. 25 milliradians would further reduce the navigation errors in terms 

of the direct fa contribution and reduced observation time T w . 

M 

Table 5-3. Terminal Navigation Errors in Two-Stage Rendezvous 

Sensor Accuracy 0. 5 millirad 
Velocity Error 1 m/sec 
Relative Velocity 60 m/sec 


Location and Time of 
Measurement 

Observation 

Interval 


Navigation 

Errors (km) 

1 

Semi- Major Axis 

Semi-Minor Axis 

1* First nucleus passage 


*£ 

a 

V 

*RSS 

b e 

b 

V 

b r.. 

r = 25, 000 km 

One day 

43 

147 

153 

4. 5 

30. 4 

30. 8 

Tj + 10 days 

Two days 

21 

147 

148 

4. 5 

60. 8 

6 r. a 

2. Second nucleus passage 








r = 1000 km 

One hour 

1.6 

3. 5 

3.8 

0. 2 

1. 3 

1.3 

Tj + 30 days 

Two hours 

0.8 

3. 5 

3.6 

0.2 

2.5 

2. 5 
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Figure 5-23 shows the stepwise reduction of gross navigation error 
levels during the final approach phase based on the foregoing discus- 
sion. Additional analysis of the orbit determination procedure and guidance 
maneuver characteristics is required to define the navigation accuracy 
achievable by this approach in greater detail, and to optimize the sequence 
of operations. 
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5. 5. 5 Navigation Sensor 

Characteristics of the TV image system required for terminal 
navigation and scientific observation of the nucleus are presented in 

Appendix F. A sum- 

A 

mary of the charac- 
teristics that are 
needed to implement 
the navigation concept 
discussed above are 
summarized here. 
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EARTH-BASED COVET RECOVERY} 
AND EPHEMERIS UPDATE I 
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-SECOND PASS 

NAVIGATION P> 


NOMINAL 
RENDEZVC IS 


TERMINAL APPROACH 
TO NUCLEI'S 


We have selected 
an optical system with 
125-mm focal length 
and f/2 aperture ratio. 
The total field cover- 
age is 4. 4 x 5. 6 de- 
grees, The instru- 
ment sensor is the 
same slow-scan 

vidicon employed in the Mariner 1969 and 1971 cameras. Each pixel re- 
presents an angular resolution element of 0* 12 mrad. 


1000 


100 10 1 
TIME FROM FINAL NUCLEUS RENDEZVOUS /D* i ) 


Figure 5-23. Gross Terminal Navigation Error 
Levels 


Pre -encounter calibration of the instrument should allow measure- 
ment of the nucleus line-of-sight direction relative to surrounding reference 
stars to an accuracy of 0. 25 mrad (3a). To detect reference stars of 

magnitude 6.5 the image system requires an exposure time ox 33 seconds. 

-4 

Thus, a very low drift rate of about 2x10 degree/second (4 prad/sec) 
must be maintained to hold image smear below one pixel per frame. This 
is near the limit of present spacecrau attitude control capabilities. Drift 
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rates about an order of magnitude larger would be allowable if a higher 
sensitivity silicon vidicon, e. g. , the Viking type, were used in the TV 
image system, requiring an exposure time of about 3 seconds for a 
sensitivity threshold of magnitude 6. 5 (Reference 5-7). 

The signal processing design uses a peak detection scheme to 

narrow the coma/nucleus image size for improved angular definition of 

the comet center with respect to available reference stars. In the 
2 

24. 6 degree field of view the average number of available stars of 
magnitude 6. 5 or brighter is between 10 and 11 at the galactic equator and 
2 to 3 at the galactic pole. The viewing geometry during the final phase of 

the transfer trajectory is such that the comet appears at about 50°S 
30 days from rendezvous, and at 32°S at rendezvous. Thus, a sufficient 
number of reference stars (three to four on the average) should be 
available for navigation fixes, with conditions improving gradually toward 
rendezvous. 

5. 6 LAUNCH PHASE CHARACTERISTICS 
5. 6. 1 Launch Period 

Launch pe- iod constraints can be deduced from the net spacecraft 
mass contours that were shown in Figure 5-6 with respect to launch and 
arrival dates. The fast and slow trip options differ greatly in their 
sensitivity of net mass to variation of the launch date in the operating 
regimes of interest: the fast trip option shows a small payload loss of 
about 2 kg per day of launch delay if the arrival date is held fixed. The 
payload loss in the slow trip region of interest (Option 2) is much larger 
ranging from 3 to 20 kg per day. However, a larger payload margin is 
available in this case, so that the mass penalty for a typical 15-day 
launch period could be more readily accepted than in the case of fast 
trips. In the preferred operating mode (Option 1) we propose to avoid 
launch delay penalties by allowing the arrival date to vary slightly with 
launch date. The constant payload contours show that one day of arrival 
delay would be req" ; Ted for every four days of launch delay. The launch 
period could thus be extended to 30 days without apparent detriment to the 
mission. 
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5. 6. 2 Launch Phase Geometry 

Only a rudimentary analysis of the launch phase geometry was 
carried out to determine whether significant constraints on launch azimuth 
and parking orbit coast period are imposed by the mission. For the 
nominal trajectory, with launch on or about 8 December 1981, the declina- 
tion of the departure asymptote is about 20°S. This permits a direct 
ascent trajectory, or indirect injection with less than 25 minutes coast 
arc which is consistent with current Centaur stage operational constraints, 
both options permitting due east launch from Cape Kennedy. Under these 
very favorable launch geometry conditions we have a daily launch window 
of several hours within the available azimuth angle range at Cape Kennedy 
and where azimuth weight penalties are minor. 

The departure angles will change greatly when a launch nearer the 
longitude of Encke's descending node is selected, e. g. , slow trips with 
launch in February /March 1981. In these cases a large southern declina- 
tion (50 to 60 degrees) of the departure asymptote would be required for 
optimal out- of-plane departure, and a more detailed analysis of launch 
geometry constraints must be performed. 
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6. EXPLORATION STRATEGY AND MISSION PROFILE 


6.1 SELECTION CRITERIA 

To formulate a preferred strategy of comet exploration and define 
the mission profile we adopted the following criteria and guidelines: 

1) Define a mission sequence which achieves the scientific 
objectives effectively in terms of timing, exposure 
duration, areas covered, viewing options provided, etc. 

2) ..i..ke Dest use of available spacecraft resources such as 
payload capacity, mounting space, power and maneuvera- 
bility 

3) Adapt the exploration strategy to environmental conditions 
so as to minimize hazards to spacecraft survival 

4) Select operating modes that are consistent with the goals 
of simplicity and cost economy 

5) Provide mission profile flexibility, permitting changes as 
conditions warrant 

6) Select an exploration strategy tha effectively comple- 
ments the capability of an earlier flythrough mission. 

These guidelines emphasize the capabilities inherent in a rendez- 
vous mission as distinct from a flythrough mission witn the goal of making 
most effective use of the long residence time and flexible maneuver modes 
available in rendezvous. The exploration strategy also should be designed 
to exploit the unique advantages offered by electric propulsion in per- 
forming this mission thus enhancing the scientific yield. These include 
the extended maneuvering capacity, operational flexibility and abundant 
power available during coast phases to operate scientific payload instru- 
ments and to support high data rate telemetry. 

6.2 EFFECT OF ENVIRONMENT ON STRATEGY 

To meet environmental constraints and to survive the hazards 
inherent in a comet mission the spacecraft and its payload must be de- 
signed with the proper protective features. This includes thermal pro- 
tection, meteoroid damage protection of critical components by 
shielding against particles streaming from the nucleus, etc. 
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Spacecraft design features as well as the mission profile must 
be compatible with the environmental constraints. Operating modes 
that demand excessive spacecraft protection against the environment 
and, conversely, constraints on opeirational freedom dictated by lack of 
protective spacecraft design are to be avoided. Consider, for example, 
the extreme thermal environment encountered by the spacecraft at or 
near the perihelion passage. Clearly, an inactive spacecraft that is 
allowed to remain at a fixed attitude relative to the sun can be thermally 
protected more readily than one that must reorient frequently for pro- 
pulsion maneuvers. However, such a spacecraft would have only very 
restricted exploration capabilities. Our approach permits spacecraft 
reorientation over a relatively wide angular range providing flexibility in 
maneuvering and payload pointing without imposing extreme thermal 
control problems. However, to achieve certain required thrust orienta- 
tions the spacecraft must rotate 180 degrees around the sun line in 
order to maintain effective thermal control. Thus, an exposure of the 
thermally sensitive rear area to direct sun illumination can be avoided 
as will be discussed later in this section. 

The best exploration strategy is one that minimizes the exposure 
and accepts risks only to the extent that they are inevitable in achieving 
the fundamental scientific objectives. Thus, we cannot avoid the po- 
tentially hazardous exposure to the efflux of the nucleus, but we can 
design the mission to minimize the risk. For example, we propose a 
late approach to the nucleus after initially exploring the coma/tail 
region, because the nucleus will be less active by the time the comet 
approaches perihelion, and hence less hazardous for a close approach. 

A close approach to about 10 km or less is necessary to be able to mea- 
sure gravity with reasonable accuracy (see below). We can also adopt a 
flexible approach by continuing the coma exploration phase until in situ 
measurements reveal that the nucleus activity is beginning to subside, 
and a close approach to the nucleus is likely to be less hazardous. 

Figure 6-1 illustrates, in a general way, the relation between 
scientific value gained and the attendant risk to survival of the space- 
craft. The merit of late arrival at the nucleus is expressed by a function 
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Figure 6-1. Figure of Merit of Two Comet Exploration Strategies 

which is the product of " scientific data yield" times probability of sur- 
vived. Scientific data yield V is expressed in normalized form where 
1.0 represents the ideal data return of the completed mission. Proba- 
bility of survival R declines less rapidly in the coma than near the 
nucleus, particularly when taking into account the initial most active 
phase of the nucleus. Thus the product M = R*V shows a distinct ad- 
vantage (0.76 versus 0.6) of early coma exploration as compared to 
early nucleus exploration. 


6-3 




Table 6-1 gives further examples of the effect of environmental 
factors on the choice of mission strategy. Some aspects of thermal 
protection and meteoroid/particle flux protection have already been 
discussed above. In addition, the table lists such influences as solar 
pressure, solar differential gravity, solar flare activity, the observa- 
bility of a prominent cometary tail, and the effect of the earth -comet 
geometry on the choice of mission modes. 

Table 6-1. Environmental Effects on Mission Strategy 


Environmental and 
Physical Factors 

Affected 

Mission Objective 

Available Mission Strategy 
Options and/or Preferences 

Dust particle flux 
from nucleus 

Close approach to nucleus *. sual 
observation, gravity measurement) 

Extended hovering at nucleus 
Gravity measurement 

0?fer nucleus approach until flux 
decreases 

Thermal environ- 
ment at and near 
perihelion 

Survival through perihelion 

Feasibility of some propulsion 
maneuvers and payload pointing 
maneuvers 

Operations near nucleus (hover 
and circumnavigation) 

Limit orientation angles when 
closest to sun (accept constrained 
maneuver modes! 

Restrict coma exploration 
maneuvers 

Restrict hover position, i.e., to 
nucleus terminator 

Seek shelter in penumbra in 
emergency 

Observability of 
tail from earth 

Depth of tail exploration 

Change coma/tail exploration path 
as warranted 

Occurrence of 
major solar flare 
during comet 
exploration 

Observation modes of solar wind 
interactions 

Change excursion path as 
warranted 

Exit and reenter comet envelope 

Solar pressure 
and differential 
gravity 

Hover stability near nucleus and 
distant from nucleus 

Thrust intermittentlv 
Partially retract solar array 

Small nucleus 
gravity 

Gravity measurement 
Gravity orbit feasibility 

Approach close to nucleus 

Defer gravity orbit until large 
solar distance is reached 

Large earth 
distance (long com- 
munications delay) 

TV command control feasibility 
High data rate TV 

Defer close approach to nucleus 
until communication distance is 
near minimum 

Earth -sun -comet 
position 

Communication blackout near 
perihelion 

Avoid critical mission sequences 
during this period days) 
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6. 3 MODEL OF PARTICLE FLUX AND IMPACT RATE NEAR NUCLEUS 

A model of the flux of non-volatile material from the nucleus was 
derived as a quantitative basis for estimating the environmental hazard 
in close nucleus vicinity. 

Based on the estimated maximum flux rate of particulate matter 

4 

(see Section 2) i. e. , 6 x 10 grams/sec, about 10 percent of the total 
flux consisting of volatiles and particles, and using a flux density model 
of cometary matter defined in NASA SP-8038 (October 1970), 

log j q S = -18.73- 1.213 logj q m 
(S = particles/meter^) 

a particle flux is obtained as a function of particle size m and distance r 
from the nucleus as follows (R q = nucleus radius): 

log 10 F = -5.237 - 1.213 log IQ m - log 1Q r/R Q 

2 

(F £ particles per m -sec) 

The assumed relative velocity is 10 m/sec. This flux rate model is un- 
certain by at least +1 order of magnitude. Figure 6-2 shows the resulting 
flux density and impact rates of particles of one gram and one milligram 
size on a spacecraft and solar array of typical dimensions, assuming 
the array to be fully deployed and oriented at right angles to the flow 
vector. 

4 5 

The large impact rates, i. e. , 10 to 10 milligram size particles 
per day in the immediate vicinity of the nucleus present a potential 
hazard in spite of the low impact velocity because they may impair 
delicate instruments and degrade the effectiveness of thermal protection 
blankets. There is little experimental or theoretical knowledge to date 
on qualitative degradation effects of a large flux of small particles at 
low velocities. However, we believe that the main concern is fouling of 
delicate instruments and equipment (sensors, ion engines, moving 
parts) and degradation of the solar array and of thermal properties of 
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Figure 6-2. Particle Flux and Impact Rate Near Nucleus 


insulation blankets, if a significant percentage of the exposed area is 
covered by particles that stick to the surface. The probability of 
particles adhering to spacecraft surfaces increases inversely with impact 
velocity. Small particle deposition may be of concern if they cover a 
significant area during long exposure. For a quantitative evaluation of 
potential hazard presented to the spacecraft we are making the following 
assumptions: 

• Low emission velocity (~3 m/sec average) assumed 

• Velocity up to 100 m/sec in sporadic outbursts and 
due to solar pressure 

• Spacecraft relative velocities not exceeding 
10-30 m/sec 

3 

• Low-density particles (0. 1-1.0 g/cm ) of fluffy 
structure unlikely to cause impact damage at 
these velocities 

• Only larger particles (10 * to 10 ^ cm) may cause 
some denting or chipping of glass surfaces. 

As a worst case example, w« have assumed a flux of 10'^ gram 

6 2 

particles at the nucleus surface estimated as 10 particies/m sec. 

» 

For an assumed density of 0. 5 g/cm the particle diameter is about 
- 4 

6 x 10 cm. With the further assumption of a sticking fraction of one 


) 


) 
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percent of the incoming particles we obtain an arrival rate that would 

2 

cause an area of about 0.03 m per square meter or three percent of the 
exposed surface to be covered per day. Clearly, this condition would 
jeopardize survival of the vehicle, or at least unimpaired functioning of 
critical elements, for any reasonable time required for nucleus observa- 
tion. It is therefore advisable to postpone a close approach until such 
time when the flux has subsided. 

6.4 FUNCTIONAL CONSTRAINTS ON EXPLORATION SEQUENCE 

In addition to the environmental factors discussed before there are 
functional constraints dictated by the spacecraft design, propulsion capa- 
bilities, sensor characteristics, etc., that influence the choice of mis- 
sion modes. Although spacecraft design features were not covered in 
detail in this study these constraints and their influence on the mission 
strategy can be discussed in general terms. 

Principal constraints of this type are summarized in Table 6-2. 

The problem of thermal protection of the spacecraft under the extreme 
environment that exists during the perihelion passage has been previously 
noted. The design approach addressed to this problem will be discussed 
in Section 7. The spacecraft will be protected against direct solar heating 
by a multilayer aluminized Kapton thermal blanket on all exterior surfaces 
except the louvered radiating surfaces needed for waste heat rejection 
on the rear side of the equipment and propulsion modules. Exposed de- 
sign elements and appendages will be protected by low -absorptivity high- 
emissivity coating. Thus thermal control can be achieved even under 
the extreme solar flux at perihelion provided the spacecraft attitude is 
maintained so as to protect the sensitive rear areafrom direct illumination. 
Limited angular excursions from the nominal orientation (with the center 
body normal to the sun) are therefore allowed for propulsion and payload 
pointing purposes. 

Other spacecraft functional constraints listed in Table 6-2 include 
the primary (electric) propulsion pointing mode, the navigation sensor 
location and field of view limitation, scan platform mounting provisions 
and field of view, and solar array orientation requirements, all covered 
in Section 7. 
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Table 6-2. Functional Constraints on Mission Sequence 


Functional Constraint 

Affected Mission Phase 
or Operating Mode 

Available Mission Profile 
Options and/or Preferences 

Thermal control 
constraint 

See entry 

n Table 6- 1 

Thrust vector pointing 
requirement 

Restricted sensor pointing 
angles during thrust phases 

Point as required for optimal 
thrust, or 

Point off-optimally and accept 
weight penalty 

Accept pointing constraints dur- 
ing short thrust periods 

Solar array orienta* 
tion and retraction 
requirements 

Constraint on spacecraft roll 
orientation restricts sensor 
pointing 

Field-of-view restriction nf 
payload instruments if sc^.« 
array is "feathered" 

Thrust power limitation if 
solar array is partly retracted 
near nucleus 

Accept constraint in sensor 
operation and fieli' of view 

Avoid major maneuvers at timet 
when solar array is retracted 

Navigation sensor 
ficid of view con- 
straint (target ob- 
scuration by space- 
craft body) 

Approach navigation phase 
hampered bv target obscuration 

Reorient spacecraft as required 
for navigational fixes 

Revise navigational techniques 
(two-phase rendezvous! 

Fayload sensor field 
of view constraints 

Limitation on scan capability 

Reorient spacecraft during coast 
to circumvent field of view re- 
striction 

Place sensor platform on ex- 
tended deployment arm 

High-gain antenna 
pointing requirements 

Earth lock required during all 
mission phases and pointing 
modes 

Use two-axis gimballed antenna 
mount and three -position deploy- 
ment arm to meet earth poirting 
requirements 

Accept occasional restriction of 
pavload sensor field of view 

Radar altimeter 
pointing restriction 

Relative positions of earth, 
sun and nucleus during nucleus 
observation require front area 
coverage by antenna 

Plan nucleus gravity measure- 
ment in accordance with space- 
craft and antenna pointing 
capabilities 


The intermittent use of electric propulsion during the comet ex- 
ploration phase does not basically interfere with scientific measurements 
of electric and magnetic fields if proper attention is paid to compensa- 
tion of stray magnetic fields and to electrostatic cleanliness (see 
Appendix G). However, the presence of ion beam exhaust products in 
the vicinity of the spacecraft may affect mass spectrometer readings 
and optical /photometric observations. Thus the mission scrategy should 
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be designed around the minimum number of thrust periods necessary to 
achieve the desired exploration paths. 

As mentioned before, an exploration sequence starting with coma/ 
tail exploration and approaching the nucleus subsequently appears 
preferable, under the functional constraints imposed by rendezvous 
propulsion and navigation tasks. These factors are summarized as 
follows : 

1) Termir»l navigation is simplified since large miss un- 
certain ;s are permitted at the first (nominal) rendez- 
vous tax get point. 

2) Terminal navigation fixes with respect to the nucleus 
can be performed effectively and rapidly during the 
coma exploration phase. 

3) Exploration of the coma before the nucleus saves pro- 
pulsive effort because the residual approach velocity 
can be utilized for coma exploration. This not only 
conserves propellant but eliminates potential propul- 
sion/payload interactions at a time when measurements 
of particles and fields phenomena are important , e . g . , in 
the bow shock and transition zone being traversed dur- 
ing the last 5 to 10 days before nominal rendezvous . 

4) During fin«il approach to, and operation near the nucleus 
we desire high telemetry data rates and short communi- 
cation time delays to facilitate close control of the 
vehicle by ground command and TV feedback. Arrival at 
the nucleus around perihelion time decreases the com- 
munication range to 0.6 AU from the initial 1.4 AU at 
rendezvous. This means that the data rate can be in- 
creased by a factor of six, while the radio signal round- 
trip delay is decreased from 22 minutes to about 

10 minutes. 

5) Accuracy of nucleus gravity measurements is enhanced 
by the above sequence. If the passive, doppler measure- 
ment technique is to be used which hinges on the detec- 
tion of very small velocity increments (of the order of 

1 mm/sec), the signal-to-noise rvitio of the measure- 
ments is of critical importance. A range reduction in 
the ratio of 2.5:1 available at closest approach to earth, 
i.e.. near perihelion, would provide a significant 
advantage. 

Secondly, if the gas flow from the nucleus has subsided, 
there will be less of a distorting influence on gravity 
measurement whether by passive doppler technique or 
by an active thrust- while -hover detection of radial 
forces (see below). 
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6.5 MISSION TIMING AND DURATION 


Among the alternate mission profile! those with short trip times 
are preferable because (1) reliability problems, especially those of the 
SEP system, are lessened and (2) more effective use can be made of 
results that would be obtained from a 1980 Encke fly through which under 
the ground rules of our study is being assumed as a possibility {see 
Section 1). In addition, the fast mission with its later launch date pro- 
vides greater procurement flexibility. 

The selected nominal mission with a trip time of 800 days (Option 1 
as defined in Section 5) would be launched eight tc nine months later than 
a typical long trip time mission (Option 2). The time difference may be 
a significant advantage if the spacecraft under development for the 1984 
mission must be modified as a result of data returned from Encke during 
the postulated 1980 flythrough, considering the extremely short M turn- 
around time” available. Practical questions regarding the feasibility of 
such modifications and their impact on the spacecraft development and 
test program are discussed in Appendix H. 

Figure 6-3 summarizes several options in rendezvous timing and 
mission duration and indicates the preferred options (in heavy outline). 
The criteria for this selection are listed on the right. The preferred 
timing of arrival at the comet 30 to 50 days before perihelion passage 
has already been discussed. This choice is dictated by the scientific 
cbjcc t.v^e of observing the comet during its most active phase, as much 
as possible, before perihelion without the weight penalty that would be 
prohioitme for an earlier arrival. The severe thermal environment at 
0.34 AU should be planned for s ince a mis si on without extended stay time at 
the comet would not gain the full advantage inherent in the rendezvous 
moae. 

The payload advantage of late arrival, amounting to 5 to 10 kg per 
day for a IS-kw system as discussed before, cannot be matched in the 
rase of early arrival unless a longer t^ip time is used, or the power 
level is increased. However, even with this penalty we selected 40 days 
before perihelion as a nominal arrival date because of the broader 
scientific coverage achieved by this option. 
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Regarding the total length of the comet exploration phase we are 
selecting as a primary goal a duration of 80 days, starting 40 days be- 
fore and ending 40 days after perihelion. This has the advantage of per- 
mitting a comparison of cometary phenomena that occur at symmetrical 
points of the incoming and outgoing comet trajectory, especially detec- 
tion of the causes of Encke's pronounced asymmetrical behavior before 
and after perihelion. 

As a secondary goal we extend the duration of the encounter phase 
as far as possible toward aphelion. If it is assumed that the spacecraft 
must be designed to survive the perihelion passage and continue opera- 
tion for 40 days there is every reason to expect it to survive for an 
extended time during the outbound phase. Observation during dormancy 
(which is the state of the comet during 90 percent of the orbital period) 
has interesting scientific objectives as stated before. 

Tracking a spacecraft traveling with the comet during the extended 
outbound mission phase could also serve the important scientific objec- 
tive of accurate determination of long-term comet trajectory perturba- 
tions. This is intended to confirm current theories of Encke's non- 
gravitational accelerations (Section 2). Asymmetry of these perturbations 
with respect to perihelion and the directionality of the gas flow can thus 
be reconstructed with higher accuracy than during the relatively brief 
comet visibility phase. 

A possible simplification of continued stationkeeping requirements 
during this extended mission phase may be achieved by placing the space- 
craft in a tight thrust-free orbit around the nucleus after the sphere of 
influence has increased to 75-100 km, at solar distance greater than 
3 AU. However, this scheme is only conceptual and requires further 
analysis . 

6.6 COMET OBSERVATION AND MAPPING STRATEGY 

6.6.1 Gross Coverage of Cometary Features and Coma Exploration 

Figure 6-4 illustrates regions of special interest in and around the 
comet that should be visited with some priority. These include the area 
of the postulated shock front, transition zone, outer and inner coma 
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Figure 6-4. Excursions through Principal Comet 
Features (Not to Scale) 

and contact discontinuity, the region where tail phenomena begin to form, 
and the nucleus and its halo. A mapping path of the type previously dis- 
cussed (Section 5) is shown which passes all of the points of interest. 

After mapping the coma/tai] regions (30 days) and performing close-up 
observations of the nucleus (20 days) the 80-day primary exploration 
time still permits 30 days of further exploration. Most of this time may 
be spent in exploring the coma/tail region, possibly leaving and reentering 
the comet envelope to explore the contact surface. Three-dimensional 
coma exploration may also be performed during this time. Thus, we can 
take advantage of the two principal characteristics offered by a low- 
thrust rendezvous: ample time and ample maneuvering capability. 

By comparison a ballistic flythrough mission can cover only a few 
of the points of interest and in too little time for systematic mapping. 

The -dative trajectory is nearly a straight line parallel to the ^ vector 
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and is dictated by mission dates and launch energy. (For selected en- 
counter dates this path can at least be chosen to run roughly parallel 
to the comet's axis, moving in a radially outward direction.) 

An interesting option available to the low-thrust vehicle is varia- 
tion of the depth of penetration of the coma and tail region. E.g. , if 
ground observation should find that Encke is developing a pronounced 
tail as the spacecraft approaches rendezvous, a simple change of the 
exploration path further into the tail region can be made at an acceptable 
extra propellant and time expenditure as shown by the dashed path in 
Figure 6-4. 

The 1984 mission year offers a nearly optimal relative geometry 
for viewing the tail, if visible in that year,as shown in Figure 6-5. 



Figure 6-5. Viewing Conditions of Encke 1 s Tail from Earth 
(Encke's Relative Trajectory in Bipolar 
Coordinates Projected into Ecliptic Plane) 
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(This "bipolar" plot has many useful applications in the analysis of 
mission characteristics as will be discussed in Appendix A.) Since the 
tail extends radially away from the sun, it can be seen broadside during 
almost the entire encounter except during 10-15 days of the comet's 
closest solar proximity when the tail is pointing in the direction of earth. 

Since the comet has a nearly rotationally symmetric structure it 
would appear that mapping in the orbitsil plane is adequate to infer from 
it the corresponding characteristics out of plane. This would conserve 
propellant expenditure and time. However, any asymmetry in the third 
dimension that car. be observed by the spacecraft would provide important 
additional scientific data on the nature of the comet. Such out-of -plane 
excursions might be performed after the basic in-plane coma/tail 
mapping and the nucleus exploration is completed. 

There is no clear-cut requirement for stopping the coma traverse 
in any particular area to keep the spacecraft in a stationary hover mode. 
As discussed in Section 5 hovering at large distances from the comet 
center requires an appreciable amount of intermittent thrusting which 
complicates the mission sequence and potentially interferes with delicate 
particles and fields measurements. Since the coast velocity relative to 
the comet is only about 30-60 m/sec observations are actually made 
under quasi-stationary cor l. cions. This facilitates the differentiation 
of spatial variations and temporal variations of cometary phenomena 
with fair accuracy. 

6.6.2 Nucleus Exploration 

Exploration of the nucleus can be performed in the hover or cir- 
cumnavigation mode. The hover mode permi*s continuous observation 
of surface features from a favorable vantage point such as the vicinity 
of the terminator. E..~., from this position it is convenient to measure 
thermal transients on the surface associated with sunrise or sunset. 
Hovering over the pole has advantages of observing the rotating body 
from a more revealing perspective and measuring the surface tempera- 
tures under extended uniform heating conditions assuming that the pole 
does not happen to be precisely on the terminator. The position of the 
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pole can be readily deduced from a sequence of TV images that show 
successive positions of moving features with respect to the terminator. 
Hovering over a nonpolar region permits mapping the elevation of the 
rotating terrain by means of an altimeter radar. At very close distance 
a gravity gradiometer could be used to deduct mass concentrations in 
addition to measuring the total mass of the nucleus. However, the 
gradiometer is not included in the fundamental payload because other 
techniques are available to perform gravity measurements without extra 
instrumentation, and because it would require a very close approach 
distance (see below). 

These operations are carried out more conventially and syste- 
matically in the hover mode than during circumnavigation, and at a fixed 
spacecraft attitude. Continuous or intermittent stationkeeping maneuvers 
are required. However, with a surface gravity of only 40 pg, hovering at 
a reasonably small stand-off distance requires only a fraction of the 
available SEP thrust capability (50 pg). Thus, at a distance of two 
nucleus radii a duty cycle of 1:5, with thrust periods of 24 minutes 
every two hcv.rs, is sufficient to maintain altitude within ±250 meters. 

A simple onboard radio altimeter can be used for automatic control of 
this slow altitude limit cycle. As mentioned before ; the pressure of out- 
flowing gas actually will tend to counteract the small gravity force and 
reduce the propulsion requirements even more. Since the solar array 
will be in a "feathered" orientation, nearly 90 degrees from the sunline, 
it is apparent that the outflowing gas will produe a greater lifting effect 
at positions near the terminators where flow velocity is normal to the 
solar paddles, than elsewhere. 

The mission sequence also must include circumnavigation maneuvers 
for unconstrained observation from all sides. Because of the almost 
negligible gravity field of the nucleus a conventional orbit governed by 
gravitational forces is impractical. This can be seen readily when con- 
sidering the sphere of influence of the nucleus relative to solar gravity. 
Assuming a mass of 2 x 10^ grams, which is 17 orders of magnitude 
less than the sun's, the sphere of influence is only 8. 5 km at the comet's 
perihelion, and 23.8 km at 1 AU. Uncertainty of the actual mass of the 
nucleus, and the presence of perturbations other than solar gravity make 
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a gravity orbit around the nucleus even more problematic. Adequate 
velocity control would be extremely difficult from a practical standpoint: 
a tight orbit at a radial distance of three nucleus radii would have a 
circular velocity of only about 0.5 m/sec. If this velocity were inad- 
vertently increased by 40 percent (0.20 m/sec) the spacecraft would 
escape the nucleus gravity field, whereas a loss of 30 percent (0. 15 m/ 
sec) would cause it to hit the surface. 

A more feasible alternative is circumnavigation with the aid of 
periodic maneuvers as illustrated in Figure 6-6. The "orbit" is a 
triangular, quadrangular or other pattern, not necessarily symmetrical, 
with turn maneuvers about every two hours. For the dimensions shown 
the relative velocity is 2 m/sec and each turn maneuver requires a AV 
of about 3 to 4 m/sec adding up to about 12 m/sec for a complete orbit. 
The maneuver requirements are compatible with the available SEP thrust 
capability of 2 m/sec per hour. Low-thrust maneuvers would of course 
mean rounded corners, not shown in the figure. The schematic diagram 
also ignores the effect of gravity which would make the sides of the 
polygon pattern bulge out (less than 100 meters for the assumed path 
velocity and dimensions). 

Disadvantages of using SEP thrust for these maneuvers are the 
frequent reorientations of the spacecraft and the undesirably long thrust 
duration per orbit. This suggests a reduction in path velocity or an in- 
crease in orbit size. The preferred alternative is to use chemical 
(hydrazine) propulsion since no reorientation is required to perform the 
hydrazine thrust maneuvers if multiple thrusters are used as illustrated 
in Figure 6-6 for the quadrilateral orbit. Although a greater amount of 
propellant would be expended per orbital pass, this will be acceptable 
because the vehicle, rather than circumnavigating continuously, will 
probably spend most of the time in the hover mode using SEP thrust. 

A preferred mode of operation for purposes of low-thrust propulsion 

would be to rotate the spacecraft continuously at the small constant rate 
of one revolution per orbit. This provides the desired thrust angle 

variation without discrete attitude reorientation rr*'neuvers. The spin 
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Figure 6-6. Nucleus Circumnavigation Maneuvers at Close Distance 


vector does not have to point exactly at the sun since solar array re- 
orientation away from the sun is required for thermal protection any- 
way. Alignment with the sun implies an orbital plane that coincides 
with the terminator. 


This operating mode has the additional advantages of pointing the 
payload end of the spacecraft continuously at the nucleus, and of main- 
taining a constant, or nearly constant, solar aspect angle alleviating 
thermal control problems. Incidental to the choice of orbital plane at 
or near the terminator is the avoidance of solar eclipses. 

6.6.3 Nucleus Gravity Measurement 

For a small body such as the nucleus of Encke, assumed to have 
a radius of only a few kilometers (our model uses R = 1.8 km) and a 
mass of 2 X 10 ^ g, any gravi* * measurements short of landing on the 
surface require a very close approach distance. Three types of mea- 
surements have been considered: 


1) Doppler velocity measurements from the ground 
with a sensitivity of 0.5 mm/sec 

2) Gravity gradiometry 

3) Measurement of thrust expenued for hovering at 
low altitude. 
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The various techniques of gravity measurement are illustrated in 
Figure 6-7. The various measurements actually are not identical in 
scientific data yield, but can be used if necessary for backup purposes. 

The doppler technique requires not only a close approach but a 
low flyby velocity to produce a perceptible velocity change. We assume 
closest approaches of a few km and velocities in the range of 2 to 
10 m/sec. To maximize the doppler frequency the flyby trajectory 
should be traversing the nucleus at right angles to the earth line-of- 
sight. Figure 6-3 shows the altitude required to measure the gravity of 
a 3.3 g/cm body within one percent as a function of its radius with fly- 
by velocity as parameter, based on a recent paper by J. D. Anderson 
(Reference 6-1). Also shown is a curve for gradiometer measurement, 
based on a 30-second integration time and a noise threshold of 
0.3 Eotvos Units, based on a paper by R. L. Forward of Hughes Re- 
search Laboratories (Reference 6-2). With less conservative assump- 
tions on noise threshold and a longer integration time the altitude can 
probably be increased by an order of magnitude. A closest approach of 
less than 10 km will still be required to perform an accurate gravity 
measurement. 

The gradiometer technique has the advantage of being insensitive 
to nongravitational forces acting on the spacecraft. Both the doppler 
technique and the thrust-while -hover gravity measurement would be 
affected by any appreciable gas flow pressure on the vehicle which in 
the worst case is of the same order of magnitude as the local gravity. 

In the hover mode this effect can be easily isolated by a series of mea- 
surements with the solar array fully or partially exposed ("feathered") 
with respect to the radial flow direction. As a by-product this would 
also yield the dynamic flow pressure, from which the flow rate and 
density of the emitted gas can be inferred. 

In all cases, an accurate range measurement is required for which 
a simple low-powered radio altimeter is proposed with a range of the 
order of 50 km (see Appendix E). The altimeter also permits an indirect 
aetermination of relative velocity based on line-of-sight rotation. Fur- 
thermore, the dimensions of the nucleus can be derived from the distance 
measurement and the subtended angle. Mass and dimensions yield the 
nucleus density. 
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Figure 6-7. Gravity Measurement Techniques 
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Figure 6-8. Flyby Altitudes Required for Doppler and Gradiometer 
Technique? of Gravity Measurement 
6-20 





• f 


r 


• * 

* 


* / 
•V \ 


i 

l 



C 



6. 7 SPACECRAFT AND INSTRUMENT POINTING MODES 
6. 7. 1 Constraints and Requirements 

To show the feasibility of the various mission phases liscussed thus 
far a more detailed examination of typical spacecraft orientation and 
instrument pointing modes is required. The objective io < show that the 
spacecraft with its body-mounted and articulated appendages, including the 
v vo-gimballed scan platform, the two -axis steerable high- gain antenna, 
and the one-axis rotatable solar array, can meet the basic pointing re- 
quirements of the mission. The major pointing constraints and require- 
ments are as follows: 

1) The thrust vector must be pointed over a wide 
range of cone and clock angles* relative to a 
sun oriented reference system to maximize the 
payload. This requires rotation of the center 
body relative to the solar array and/or rotation 
of the entire spacecraft around the sunline. 

2) The tola" array must be oriented away from the 
sun, up to 80 degrees from the nominal orientation, 
for thermal protection. 

3) The canter body orientation relative to the sun is 
constrained by thermal control requirements. 

4) The high-gain antenna must be capable of pointing 
at earth under all attitudes of the vehicle with 
earth view angles (cone angles) up to 180 uegrees 
from the sunline. 

5) In any spacecraft attitude the one-axis rotatable 
attitude reference star sensor must be able to lock 
on a bright reference star that is not obscured by 
the solar arrays, without stray sunlight interference. 

6) The gimballed payload scan platform must be capable 
of pointing the instruments at all comet phenomena of 
interest prior to and during the entire exploration 
phase, in particular, the TV image system used as 
terminal navigation sensor, must be able to view the 
central coma and/or nucleus before and after en- 
counter through a wide range of body orientations. 

7) Finally, the one -axis altimeter ~adar must be able 
to point at the nucleus during close approach and 
hover maneuvers. 

$ 

These angles to be defined in the next subsection. 
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These requirements and constraints were analyzed in sufficient 
depth to permit definition of preliminary spacecraft design concepts and 
operating modes. Typical results are presented below. We have 
attempted to reduce the complexity of the articulation system and pointing 
sequences as much as possible, but feel that further simplification is 
desirable. To define a mission profile with a minimum number of space- 
craft reorientations more detailed analysis beyond the scope of this study 
is required to cover alternative pointing options and perform functional 
tradeoffs. A survey of available reference stars should also be performed 
to select preferred acquisition and tracking modes for attitude control. 

6. 7. 2 Coordinate Systems Used 

Two spacecraft-centered coordinate systems vere adopted to 
facilitate analysis of time -varying pointing requirements. 


Sun-Oriented System. The first is a sun-oriented system x_, y_, 

* 11 1 S 8 

and z as shown in Figure 6-9(a), with z pointing to the sun; y orthog- 

8 S S 

onal to z in a plane normal to the ecliptic and containing the spacecraft; 
s 

(a) SUN-ORIENTED (b) IODY -FIXED 

(SUN) * 




«OU AXIS 



f 


I 


Figure 6-9. Sun-Oriented and Body-Fixed Coordinates 


I 
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and x normal to y and z . In the nominal attitude the vehicle is aligned 

with these coordinates such that the solar array is normal to z^, and the 

thrust exhaust beam is in the direction of x . Pointing angles in this 

s 

system are denoted as cons and clock angles (see Figure 6-9(a)), in 
agreement with conventional usage at JPL. 

Body-Fixed System. The alternate coordinate system x, y, and z, 

shown in Figure 6-9(b), adopted from JPL' s SEMMS study, is body-fixed, 

with the x-axis in the direction of the exhaust beam; the z-axis normal to 

this and to the undeflected solar array; the y-axis being orthogonal to x 

and y extends along the solar array length axis. Pointing angles in this 

system are denoted as co-elevation and azimuth in correspondence with 

the cone and clock angles of the x , y , z system. Azimuth is measured 

s s s 

in the x-y plane from the exhaust beam axis, x. The positive sense is 
clockwise when looking along the z-axis. Figure 6-10 shows the angular 
transformation between the two systems, as projected onto a unit sphere. 

In this section we shall describe orientation and pointing requirements 
in one or the other coordinate systems as appropriate; generally, the 
relative motion of a target object is first defined in the sun-oriented 
reference system in terms of cone and clock angles, then interpreted 
in body-fixed coordinates, in terms of azimuth and co-elevation as will 
be illustrated by several examples in the following paragraphs. 

6.7.3 Pointing Requirements during the Transfer Phase 

The optimal thrust pointing profile during the transfer phase was 
presented in Section 5 in terms of thrust vector cone and clock angle time 
histories (see Figure 5-9b). From these characteristics and the rela- 
tive positions of spacecraft, sun and earth we can derive orientation re- 
quirements of the spacecraft center body in sun-oriented coordinates, 
and solar array and antenna pointing requirements in body -fixed coordi- 
nates. These steps are necessary to establish compatibility of the 
optimal thrust pointing profile with thermal control constraints and with 
pointing limitations of the solar array, the high-gain antenna and the 
star seeker. 
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Figures 6- 11a and b show three-dimensional loci of the space- 
craft -x axis (thrust vector) and +z axis in sun-oriented coordinates, 
x , y , z , plotted on a unit sphere. The coordinate grid inscribed on 
the sphere consists of circles of constant cone and clock angles. Time 
from launch is marked along the vector loci. The apparent motion of the 
earth line-of-sight in this coordinate system is confined (approximately) 

to the x -z plane and is indicated by time marks around the periphery 
s s 

(Figure 6- 11a). We note that the thrust vector describes a loop that 

follows roughly a circular arc, starting on the reverse side of the 

sphere as indicated by the dashed portion of the curve. However, during 

the major part of the transfer phase the thrust vector points toward the 

visible northern half of the sphere, as indicated by the solid part of 

the curve. Since the x -y plane approximately coincides with the 

s s 

ecliptic plane this thrust profile produces the change in orbit inclination 
and line-of -nodes that is required to match those of Encke. 

The z axis locus shown in Figure 6- lib follows a "figure-eight" 
pattern around the sun line. To exhibit this pattern more clearly the 
aspect of the spherical projection has been changed from that used in 
Figure 6-1 la. The y axis orientation can be readily derived from the 
x axis and z aHs loci as function of time. 

As a result of the prescribed thrust axis motion and the restriction 

that the solar array centerline (y axis) be always located in the x , y 

s s 

plane, we obtain a nearly monotonic and uniform slow rotation of the 
spacecraft around the sun line, completing roughly one revolution during 
the transfer phase. This rotation requires that the star reference sensor 
be rotatable over a wide range of azimuth angles. 

By inspection of the z axis locus in Figure 6-1 lb we can establish 
whether the rear surface of the spacecraft is exposed to solar illumina- 
tion at any time during the transfer phase. In our example the positive 
z axis always stays within the hemisphere centered on the sun line. Thus 
the spacecraft rear surface is never exposed. (The cone angle margin 
always exceeds 10 degrees). If the locus had crossed the x -y plane at 
any time, a 180-degree spacecraft pitch maneuver around the x axis 
would be required to return the positive z axis to the sun centered hemi- 
sphere while leaving the thrust orientation unchanged. 


















Figure 6-12 shows the locus of the earth line-of-sight in body- 
fixed coordinates (x, y, z) derived by transformation from the sun- 
oriented coordinates used in Figure 6-11. The dashed portion of this 


locus corresponds 
again to points on the 
reverse side of the 
unit sphere. Time 
marks show the time 
elapsed since launch. 
The apparent motion 
of the sun line in this 
coordinate system is 
indicated by time 
marks around the 
periphery. We note 
that during two 20-day 
intervals, first about 
160 days, and again 
about 750 days after 
launch, the earth and 
sun lines fall within a 



zone of 80 ± 10 de- 
grees of co -elevation 


Figure 6-12. 


and within the same quadrants of azimuth. 


Sun and Earth Track in 
Body-Fixed Coordinates 

Thus the solar paddles, 


deflected nearly 90 degrees from the x-y-plane at those times as dictated 
by the sun's position, could potentially obstruct the high-gain antenna's 
view of earth. Such a contingency can occur only in one or the other, not 
both, of these instances depending on antenna placement, configuration 
and size of its deployment arm, and solar array dimensions (see 
Section 7. 1). 


If the antenna is placed at the spacecraft end designated by the 
-x-axis, opposite the ion thruster package, tne earth view obstruction by 
the solar array is avoided during the critical rendezvous approach (i.e., 


This plot was obtained by graphical analysis and is accurate only within 


about ±3 degrees, which is sufficient for purposes of this discussion. 



740-760 days after launch). Furthermore, by using the nominal mission 
profile with a coast period from 135 to 185 days after launch, the earlier 
instance of earth view obstruction can also be avoided since the spacecraft 
orientation program reflected in Figure 6-12 can be temporarily changed 
to circumvent this condition. 

The figure also indicates the times at which the earth and sun lines 
coincide, or nearly coincide, viz. about 240, 450 and 650 days after 
launch. Among these three syzygies, the superior conjunction occurring 
450 days after launch may cause a temporary communications blackout. 

6.7.4 Sensor Pointing Requirements During Coma/Tail Exploration 

Figure 6-13 shows a preferred mode of pointing the spacecraft 
and payload sensors during a typical coma mapping path, and delineates 
phases during which the various sensors are turned on. The gimballed 
instrument platform can be scanned over a range of three-dimensional 
viewing angles that nearly cover 3ir steradians. To have an unobstructed 
view of the nucleus during the first and second legs of the traverse both 
for scientific observations and navigational fixes, the spacecraft is 
reoriented so that the payload module points toward the nucleus. Thermal 
control requirements constrain the center body orientation but within 
rather wide limits. Reorientation is required during the brief thrust 
phases that control the coma exploration trajectory and terminal 
guidance. 


• NUOfUS IMAGING 



MOTECTED 


Figure 6-13. Coma Exploration Phases and Orientation Requirements 

Figure 6-14 shows the orientation sequences of the scan platform 
and the high-gain antenna in terms of sun-oriented and body-fixed co- 
ordinates; the plots differ by a 45-degree offset during the first and by 
135 degrees during the second leg of the exploration path. The motion of 
the spacecraft, the comet and earth can be assumed as being coplanar 
for purposes of this analysis, hence only two-dimensional tracks are 
shown in this diagram. A 180-degree roll maneuver is required between 
the two cruise phases to avoid sun illumination of the rear surface of the 
spacecraft. 

The short one to two-day thrust phases at the beginning and the end 
of each leg of the exploration path require additional reorientations (not 
shown in the diagram) that can be deduced from the indicated thrust 
vector orientations T^, T£ and Tj. 
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Figure 6-14. Pointing Requirement* During Coma Exploration 
6,7,5 Pointing Requirement* During Nucleui Circumnavigation 


As a first option we considered circumnavigation in fixed -body 
orientation (Figure 6-15) to minimise thermal control problems and 
frequent attitude maneuvers. The circumnavigation orbit is shown here 
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FRONT 

Figure 6-15. Nucleus Observation with Fixed-Body 
Attitude (Schematic) 

schematically ns a circle; actually it would be in the shape of a polygon, 
as previously discussed (Figure 6-6). Orbiting in a fixed-body attitude 
is compatible with the use of hydrazine thrust at the "corner points. " 

The use of SEP thrust would require radial pointing of the vehicle at 
each turn in the orbital pattern. 

This operating mode limits observation by scan platform-mounted 
sensors as shown in the diagram. A cone angle range of about 270 de- 
grees is desired for acceptable nucleus viewing during 3/4 of the "orbit." 
The body-mounted Sisyphus particle detector is oriented at a 13 5 -degree 
co-elevation and 0-degree azimuth and can operate over about 2/3 of 
each orbit without interference of stray light from the nucleus. 

As an alternate option we also considered a continuous slow revo- 
lution of the spacecraft about the z axis which would allow intermittent 
radial thrusting at the corner points of the orbit without discrete reorienta- 
tion maneuvers (see Section 6.6.2). In this mode the scan platform can 
point at the nucleus either continuously or intermittently in a time-shared 
mode as desired. Since the earth line-of-sight describes a cone relative 


6-31 




to the body coordinates, i.e., around the axis of resolution z, this 
nucleus viewing mode requires continuous reorientation of the antenna 
if the z rods is oriented to the s ton, Earth cone angles of 50 apd 150 de- 
grees correspond to nucleus circumnavigation dates 30 days before and 
10 days after perihelion, respectively. As an alternative, the spin axis 
can be pointed at earth to avoid continuous antenna reorientation. This 
means that the sun line would move in a conical pattern which is accept- 
able as long as the cone angle does not exceed 60 or 70 degrees, i.e. , . 
until about 15 days before perihelion passage. 

6.8 OTHER SCIENTIFIC EXPLORATION OBJECTIVES AND OPTIONS 
6.8.1 Cruise Phase Science 

During the transfer phase the spacecraft penetrates the asteroid 
belt entering at a heliocentric latitude of 1. 5 degrees and emerging 
477 days later at a latitude of 7.9 degrees. The spacecraft traverses 
the asteroid belt at distances between 0.05 AU and 0.28 AU from the 
ecliptic plane. Some observers have placed the asteroid dust belt within 
a distance of 0. 1 AU on both sides of the ecliptic. This would corres- 
pond to ±2 degrees of heliocentric latitude at the radius of greatest 
asteroid density, 2.8 AU from the sun. The Encke spac^raft, being 
the first vehicle to traverse the asteroid belt substantially off the eclip- 
tic plane, can be used advantageously to map meteoroid distribution as 
a function of radial as well as out -of -ecliptic distance. The long ex- 
posure (447 days between entry and exit at 2 AU) provides enough time 
for statistically significant sampling in the different zones. 

Figure 6-16 schematically illustrates the three-dimensional 
transfer trajectory and its penetration of Jhe asteroid belt. During the 
initial passage the spacecraft crosses the J^teroid belt "above" the 
ecliptic plane, i.e., at northern latitudes. During the extended mission 
phase the spacecraft follows Encke toward aphelion and crosses the 
asteroid belt for a second time, this time below the ecliptic plane. 

An interesting objective of meteoroid detection and classification 
would be a sampling of different Taurid meteoroid streams. Since the 
Taurids are presumed to have originated from comet Encke this would 
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Figure 6-16. Asteroid Belt Penetration During Mission 

give the possibility of gathering data on the flux density and orbit 
parameters of this material as well as its chemical composition. At 
the high expected encounter velocities (15-30 km/sec) an impact mass 
spectrometer could operate effectively while it would be useless at the 
low velocities prevailing during the comet rendezvous. 

Appendix C discusses meteoroid detection during the cruise phase 
and concludes that, considering the small size of practical impact 
sensors, the frequency of encounter is quite low (low enough to eliminate 
serious concern about survived). From these data it appears not suf- 
ficiently justified to include impact sensors such as TRW's cosmic dust 
analyzer (impact ionization mass spectrometer) or NASA-GSFC's 
momentum and velocity sensor in the fundamental payload. 

The optical meteoroid sensor (Sisyphus) with its large effective 

2 

cross-sectional area (250,000 m at a range of 1 km) has dual applica- 
bility during transit and encounter and is therefore included in the basic 
payload complement. Pointing requirements for this body-fixed instru- 
ment were obtained based on predicted encounter angles of asteroidal 
and cometary particles. A compromise orientation of zero degree 
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azimuth and 135 degrees co-elevation was adopted that would be effective 
during a large fraction of the total mission time. 

Figure 6-17 shows an orbital plot of seven regularly observed 
Taurid streams and of comet Encke, projected into the ecliptic plane. 


240 * 220 * 200 * 180 * 160 * 140 * 120 * 



340 * 0 20 


Figure 6-17. Taurid Streams Encountered by Spacecraft 
on Way to Encke Rendezvous (Projected 
into Ecliptic) 

The Taurids have orbit inclinations between two and eight degrees, 
aphelion distances from 3.1 to 4.8 AU and their orbital axes vary in 
orientation by about 40 degrees, with the longitudes of perihelion 
generally smaller than Encke's. It may be argued that the Taurid 
streams exhibit orbit characteristics of earlier phases of Encke's 
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evolution, since major perturbations of the comet do not affect an entire 
stream of small particles in the same manner. Thus a detection of 
Taurid orbited characteristics during transit encounters (especially of 
streams that cannot be observed from earth) will be of potentially great 
scientific interest. The Sisyphus detector is designed to differentiate 
orbit parameters sufficiently well to serve this objective. 

Figure 6-17 shows that the Encke spacecraft is likely to cross out- 
bound trajectories of Taurids early in the mission and inbound trajec- 
tories after passing aphelion and on approaching the rendezvous point. 

Since the out-of-plane aspects of the trajectories shown were ignored, 
this prediction is only qualitative. More detailed analysis would be re- 
quired to substantiate this point. 

6.8.2 Asteroid Flyby Options 

The long tour through the asteroid belt offers the interesting possi- 
bility of visiting one or several known asteroids as a secondary mission 
objective. The payload designed for comet nucleus observation is suit- 
able for asteroid observations, particularly if the flyby is at close range. 
Such options are being considered with growing interest by the scientific 
community and have been recently investigated by R. Bourke and D. Bender 
of JPL (Reference 6-3) and by D. Brooks of NASA/ Langley. * The ex- 
tended dwell time in the asteroid belt, the flexible choice of transfer tra- 
jectories, and the modest propulsion effort required for large excursions 
from a given nominal trajectory make the multiple target mission concept 
feasible without appreciable propellant penalty, e.g. , only five percent 
extra propellant in a typical case investigated by Bourke and Bender, 

A computer search for conveniently located flyby targets was per- 
formed. Table 6-3 lists several asteroids that are within less than 
30 X 10^ km of the nominal 800-day 1984 Encke rendezvous trajectory. 
Massalia is among the 20 largest asteroids with an absolute magnitude 
of 7.38. 


Unpublished notes 
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Table 6-3. Closest Approach of Nominal 800-Day 
Trajectory to Some Known Asteroids 



The concept of carrying a deployable nucleus lander probe or a 
solar wind monitor has considerable appeal from a standpoint of en- 
hancing the scientific yield of a comet rendezvous mission. However, 
as mentioned before the overriding goals of simplicity and cost economy 
rule out any plan for carrying such a probe at present. We therefore 
lin.it the discussion to pointing out some implementation and delivery 
concepts. 

The lander probe can be deposited from low altitude and would 
impact the nucleus at small velocity (1.2 m/sec =“ velocity of escape) if 
allowed to descent by free fall. This reduces the tendency to bounce off 
and makes "hard landing" a practiced possibility. A key to feasibility 
is the provision of an anchoring mechanism that cam operate reliably in 
a wide variety of soils. 

The probe would undoubtedly use the parent spacecraft as a com- 
munications relay. Hovering at an altitude of 5 to 10 km would serve 
this objective better than circumnavigation because contact periods are 
more frequently repeated in the former case depending on the expected 
length of survival cf the probe after touchdown. 

The second deployable probe concept is keyed to the objective of 
determining the correlation between solar wind "input" phenomena and 
events in the coma and tail that respond to these inputs. A reasonably 
simple spin -stabilized particles and fields probe such as the small P 
and F iunar orbiter (35 kg) carried by Apollo, or a Pioneer 6-9 type 
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vehicle of larger size would meet the scientific objectives of solar wind 
sensing. Ejected from the parent vehicle either on approach to rendez- 
vous or after entering the coma, the monitor probe would travel radially 
inward, gaining a forward circumferential component in time due the 
Coriolis effect and solar differential gravity. At a separation velocity 
of only 10 m/sec the probe will cover a distance of the order of 10^ km 
in about 100 days, sufficiently large to sample the solar wind phenomena 
unaffected by interaction with the coma, but not so large as to miss the 
correlation effect in a given sector of the solar wind. 

Communication to earth via relay link can be readily achieved by 
a rotational fan beam like Pioneer's. This beam would be aligned with 
the common orbital plane of the probe and the parent spacecraft to avoid 
probe reorientation requirements. 

Our SEP spacecraft design does not include a provision for carrying 
a daughter probe. However, it has sufficient mounting space and enough 
payload capacity if flown at a long trip time to accommodate a 50 kg or 
even 100 kg deployable probe. This option is available in case mission 
plans should be broadened to include such a probe. 

6.9 MISSION PROFILE SUMMARY 

The preferred nominal mission sequence is summarized in 
Table 6-4. Figure 6-18 illustrates this mission profile and shows the 
positions and times of key events. These results are to be interpreted 
as tentative based on the tradeoffs performed in this and the preceding 
section and on the scientific rationale developed in Sections 2 and 3. 
Formulation of a more detailed mission profile will be governed by the 
definition of the system and subsystem design and detailed operational 
modes of attitude control, navigation, electric propulsion, command and 
telemetry, ground system operations and by the design and operational 
constraints of the payload instruments. 

The nominal sequence includes the preferred short transfer 
(800 days), arrival at the comet 40 days before perihelion, a nominal 
exploration phase of 80 days, plus am extended exploration phase of 
severed hundred days with maneuvers in and out of the comet envelope. 
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1 . Launch L 

2. Deploy solar array and appendages L + 2 hours 

3. Acquire sun and star references Li3 hours 

4. Initiate SEP thrust phase L + 12 hours 

5. Intermittent coast periods to refine 
navigation accuracy 

6. Reduce housekeeping power drain L 4 450 

near aphelion 

7. Resume normal housekeeping and L + 550 

telemetry operations 

8. Comet recovery at earth L + 700 ± 30 

9. Update targeting based on new comet L + 710 ± 30 

tracking data 

10. Acquire comet by onboard optical L + 790 

system 

11. Correct terminal approach trajectory L + 795 

as required 

12. Arrive at comet with 50,000 km offset, R ^ L 4 800 : P *40 
on sun side 

13. Hold position and observe comet at R to R + 1 

offset point 

14. Start coma/tail excursion on earth R + 1 to R 4 30 

command 

15. Arrive near nucleus About P 4 30 = P - 10 

16. Circumnavigate nucleus or hover R 4 30 to 50 

17. Extended survey R 4 50 to 80 

18. End nominal mission, start extended R 4 80 

mission 

19. Stationkeeping and excursions on R 4 80 to 200-300 

earth command 

L = Launch; R = Rendezvous; P = Perihelion 
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Figure 6-18. Mission Profile 
Schematic 
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Since the spacecraft must he designed to survive perihelton passage as 
well as solar distances above 2 AU in any case the extended mission li e 
of several hundred days places no major design constraint on the space- 
craft. This provides a significant additional yield of scientific data y 
requires only modest extra propellant expenditures, typically 5 to 10 kg 

Table 6-5 lists various mission profile alternatives and/or de- 
partures from the nominal mission concept that have been studied in the 

Tabic 6-5. Summary of Mission Profile Alternative. 


Legend: P - positive (desirable): N - negative (undesirable) implication 

of change 


CHANGE FROM NOMINAL 
MISSION PROFILE 

EFFECT ON SCIENTIFIC 
OBJECTIVES OR YIELD 

EFFECT ON COST, 
COMPLEXITY AND PLANNING 

COMMENTS AND 
RECOMMENDATIONS 

LATE ARRIVAL AT COMET 
(20 TO 30 DAYS) 

P 

N 

AORE PAYLOAD CAPACITY 
OBSERVATION TIME LOSS 



UNOESIRABLE BECAUSE Of 
LOWER SCIENTIFIC YIELD 

LONGER FLIGHT TIME 
(200 TO 300 DAYS) 

PM 

N 

MORE PAYLOAD CAPACITY 

DIFFICULT TO ADAPT 
PAYLOAD AS RESULT OF 
I960 MISSION 

z z 

SAVES SEP POWER 
REDUCED RELIABILITY 

DIFFICULT TO USE 
1980 MISSION DATA 

UNOESIRABLE IN SPITE Of 
PERFORMANCE ADVANTAGES 

! INITIAL RENDEZVOUS AT 
i NUCLEUS 

> 

1 

9 

N 

INCREASED OPPORTUNITY 

FOR NUCLEUS/HALO 

OBSERVATIONS 

LOSS OF SOME COVER- j 

AGE (N ACTIVE PHASE ] 

N 

N 

GREATER HAZARD 
POTENTIALLY MORE 

Difficult navigation 
TASK 1 

t 

NOT RECOMMENDED BECAUSE 
OF POTENTIAL HAZARD 

MINIMUM MANEUVERING 
WHEN CLOSE TO PERIHELION 
(20 TO 40 DAYS) 

17 

REDUCED SCIENTIFIC 
COVERAGE 

P 

ALLEVIATES THERMAL 
CONTROL PROBLEM 

UNCONSTRAINED EXPLORA- 
TION PREFERRED. CAN 
ACCEPT THIS MODE AS 
BACKUP. 

USE THERMAL PROTECTION BY 
NUCLEUS PENUMtRA 
(20 TO 40 DAYS' 

N 

SHARPLY REDUCED 
SCIENTIFIC COVERAGE 

P 

N 

GREATLY REDUCED 
THERMAL LOAO 

REQUIRES COMPLEX 
STATIONKEEPING 

USE AS EMERGENCY MODE 
ONLY 

OUT-OF-PLANE MANEUVERS j 

ADDED TOCOMA/TAIl 
SURVEY 

T 

MAY DETECT ASYMME- 
TRY OF PHENOMENA 

N 

COSTLIER MANEUVERS IF 
FULL BENEFIT IN SCI- 
ENTIFIC COVERAGE IS TO 
BE GAINED 

MAY BE INCLUOED AS 
SECONDARY GOAL AFTER 
INITIAL COMA ANO NUCLEUS 
COVERAGE 

EXTENDED DEPTH OF TAIL 

PENETRATION 

(10 s KM OR MORE) 

P 

N 

POTENTIALLY MAJOR 
INCREASE IN SCIENTIFIC 
YIELD (IF TAIL IS 
ACTIVE) 

REDUCES TIME FOR 
NUCLEUS OBSERVATION 

N 

MAJOR INCREASE IN PRO- 
PELLANT CONSUMPTION 
IF TIME MUST BE 
CONSERVED 

KEEP MISSION PLANS 
FLEXIBLE; EXECUTE AS CONDI- 
TIONS WARRANT 

REPEATED COMET EXIT AND 
REENTRY 

T 

N 

COVERS PHENOMENA 
IN TRANSITION ZONE 

MAY REDUCE NUCLEUS 
OBSERVATION TIME 

IT 

ADDITIONAL PROPELLANT 
ANO TIME EXPENDITURE 

MAY BE INCLUDED AS 
SECONDARY MISSION GOAL; 
EXECUTE AS CONDITIONS 
WARRANT 

ASTEROID FLYRY(S) DURING 
TRANSFER PHASE 

P 

GREATLY INCREASED 
SCIENTIFIC YIELD OF 
MISSION 

’n 

N 

N 

ADDED LAUNCH CON- 
STRAINT 

AODEO MANEUVER 
REQUIREMENTS 

MORE COMPLEX 
MISSION SEQUENCE 

RECOMMENDED AS 
SECONDARY MISSION GOAL 
IF MAIN GOAL NOT 
JEOPARDIZED BY IT 
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foregoing analysis. Desirable and undesirable aspects of these changes 
are summarized and comments and recommendations are given in the 
last column. The outstanding characteristic of this rendezvous mission 
is its adaptability to late program plan entries and to desired changes 
in the mission profile and exploration sequence as warranted by the un- 
foreseeable conditions that the spacecraft will find at the comet. This 
is largely due to the maneuver flexibility of the electric propulsion sys- 
tem, and the noncritical encounter conditions inherent in the rendez- 
vous mode. 
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7. SPACECRAFT DESIGN CONCEPT 


7.1 TYPICAL SPACECRAFT CONFIGURATION 

A representative spacecraft configuration with design features 
required for the Encke rendezvous mission was adapted from several 
earlier solar -electric spacecraft studied. These sources include JPL's 
SEMMS Study (Reference 7-1), TRW's multi-mission spacecraft studies 
(References 7-2 and 7-3), and similar studies by North American 
Rockwell (Reference 7-4). The selection was guided by criteria such as 
efficient thrust operation during all mission phases, convenient payload 
instrument pointing modes for comet exploration, simplicity and cost 
economy. 

Figure 7-1 shows the spacecraft in the cruise configuration. Fig- 
ure 7-2 shows additional design detail, with the spacecraft in stowed 
configuration mounted on the Cencaur upper stage. The 3.05-m (10 feet) 
Intelsat nose fairing with an extended cylindrical section provides ample 
stowage volume. 

The vehicle consists of a flat oblong center body and two boom- 
deployed solar arrays. The center body is separated into two modules: 
the electric propulsion module with an articulated array of six mercury 
ion thrusters, power processors, propellant storage and feed system; 
and tne equipment/payload module mounte d below the propulsion module 
on the spacecraft adapter. The two modules are separated by a field 
joint for ease of assembly, handling and testing. The entire structure 
consists of open trusswork which for the large overal 1 . dimensions of the 
center body (about 4 X2 X 1 meters) offers weight advantages compared 
to a semi-monocoque box structure. Four longerons carry the main 
structural load to mounting points on the adapter. A l.£2-meter (6-foot) 
diameter high -gain antenna is mounted on a deployment arm that is 
hinged to the bottom of the equipment module. This biaxially rotatable 
antenna is stowed against the vehicle body during launch. After deploy- 
ment it can be pointed in all directions in front and rear of the center 
body for an unobstructed view of earth. 
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Figure 7-1. Spacecraft in Cruise Configuration 


The vehicle is three-axis stabilized using the sun and a selected 
reference star as celestial references. Three -axis stabilization is 
the most effective means of providing thrust vector, solar array, h jh- 
gain antenna, and payload instrument pointing in all mission phases. 
Attitude control functions are performed during thrust periods by the 
articulated ion engines and during coast periods by hydrazine thrusters. 
The hydrazine thrusters are also used during the electric thrust phase 
(a) to control large attitude excursions and (b) to provide third-axis 
control capability when only one ion thruster is operating. 

For small but rapid trajectory control maneuvers that are required 
when operating close to the comet nucleus (see Section 5.4.4), the 
vehicle's electric thrust capability is augmented by attitude control 
thrusters which at a nominal 2-pound (9-Newton) thrust level are ade- 
quate for this purpose. Use of the hydrazine system in the dual mode of 
attitude control and trajectory control saves the cost and weight of an 
additional chemical propulsion system. 
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The two solar arrays use the rollout deployment principle developed 
by General Electric under JPL contract. A single boom serves as deploy- 
ment actuator and support structure for each panel. Partial solar array 
retraction is desirable during the comet exploration phase. The General 
Electric solar array was designed for such a requirement. As an 
alternative to the rollout array configuration an accordion-folded array 
concept developed by TRW and Lockheed was also considered which would 
have the advantage of lower specific mass, simpler mechanization and 
greater panel stiffness. However, because of the more extensive develop- 
ment and test experience of the rollout array model accumulated to date, 
including a successful flight demonstration performed in 1971 with a 
similar model built by Hughes Aircraft, we have selected this design for 
our conceptual spacecraft configuration. 

The solar arrays with a deployed length of 20. 5 m by 4. 2 m width 

2 

for each panel have a total cell mounting area of 163 m and generate 
17. 5-kw of gross power at earth departure. This includes an initial 
margin of 4. 5-kw for solar array degradation and housekeeping power. 

The nominal net propulsion power at the power processor input terminals 
is 13 kw. 

The solar array panels can be rotated up to ±90 degrees from an 
orientation parallel to the center body to permit optimal thrust vector 
pointing relative to the sun line; unconstrained terminal guidance and 
other maneuvers in the vicinity of the target, and controlled sun ex- 
posure at solar distances below 0.68 AU. Out-of-plane thrust vector 
pointing is achieved by rotating the entire vehicle around the sun line. 
Such roll maneuvers are facilitated by the one-axis rotatable star seeker 
mounted on the rear side of the vehicle. Rotation of the star seeker also 
permits selection and tracking of reference stars that are not obstructed 
by the solar panels. 

The equipment and payload module houses the engineering sub- 
systems, the scientific payload instruments and associated electronics. 
Several body-mounted, boom -deployed and articulated sensors are 
shown in the configuration drawing mainly to illustrate probable place- 
ment and field of view allocations. Not all of these, e.g., the impact 
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ionization cosmic dust analyzer and the impact velocity and momentum 
sensor, are included in the basic payload complement discussed in 
Section 4. The Sisyphus optical micrometeoroid sensor is mounted 
at an oblique angle, nominally pointing 45 degrees from the anti-solar 
line, as a best compromise for dust particle detection during the 
transit and comet exploration phases. 


A double -gimballed scan platform attached to one corner of the 
payload module carries the TV image system and other optical sensors 
and spectrometers. This platform can be scanned over a wide range 
of azimuths and co-elevations without field -of-view obstruction, as 
illustrated schematic ally in Figure 7-3. Nearly all of the vehicle's 
rear hemisphere and half of 
its front hemisphere can thus 
be scanned readily by the 
platform sensors. This is 
facilitated by the choice of 
attachment point location and 
gimbal arrangement. Re- 
orientation of the center body 
by a 45 -degree cone angle 
from its nominal attitude 
normal to the sun, has the 
advantage of allowing the scan 
platform to cover its full 3 it 
steradian scan capability with 
minimum stray sunlight inter- 
ference as was illustrated in 

Figure 6-13. The cone angles scanned by the sensors range from 45 
to 180 degrees in this spacecraft pointing mode. 



Figure 7-3. Scan Platform Articulation 


A one -axis gimballed altimeter radar antenna of 2 -ft diameter, 
required to support nucleus gravity measurements is shown on the front 
side of the spacecraft body. This location is selected because of the 
relative positions of earth, spacecraft and nucleus at the preferred time 
of close approach to the nucleus. This antenna can also serve as an 
auxiliary medium-gain backup antenna in the event of a main antenna 
gimbal malfunction. 
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7.2 PROPULSION AND POWER SUBSYSTEM 


7.2.1 Power Subsystem 

The required propulsion power of 13 kw at 1 AU (see Section 5) 
dictates the size of the solar array. In addition a sufficient power 
margin is needed initially to compensate for solar array degradation 
and harness losses, and for housekeeping power. Table 7-1 gives a 
summary of estimated power allocations which shows that under rea- 
sonably conservative assumptions a total installed solar array power 
of 17. 5 kw at 1 AU is required for this mission. 

Table 7-1. Summary of Estimated Power Allocations (kw) 


Gross solar array power at 1 AU 

17. 5 

Solar array degradation and losses, 19 percent 

3.3 

Housekeeping power reserve (provides minimum of 
200 W at 2.8 AU aphelion distance) 

1.2 

SEP power processor input 

13. 0 

SEP thruster input power at 1 AU (0.91 X 13.0) 

11. 8 

Input power to each of four thrusters (11.8/4) 

2.96 

Thruster maximum power rating (reached at 0. 92 AU 
during initial inbound passage) 

3.3 

Maximum power input to five thrusters at 0.74 AU 
(1.34 x 11.8 kw) 

15.8 

Maximum power rating of five thrusters (5 x 3.3) 

16. 5 

(Percentage of maximum power of five thrusters 
reached at 0.74 AU, 100 x 15.8/16.5) 

(96%) 


The solar array must operate over a large range of temperatures 
varying typically from 50°C at earth departure to -100°C during the 
outbound phase of the mission to +140°C at solar distances of 0.68 AU 
and less during the inbound phase. This upper temperature limit is 
maintained when close to the sun by a programmed rotation away from 
full sun exposure starting at 0.68 AU solar distance. The required 
array offset angle increases to 75 degrees at perihelion (0.34 AU). 

With the solar array in "feathered" orientation the radiation pressure 
effect at close solar distance is greatly reduced. Partial solar array 
retraction is desirable during the comet exploration phase to further 
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reduce solar pressure and to minimize field-of-view obstruction of the 
platform-mounted sensors, as illustrated in Figure 7-4. 
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Figure 7-4. Scan Platform Field of View. 


The large solar array temperature and voltage variations of this 
mission introduce problems in the electrical design of the propulsion 
power processor subsystems. With solar distances ranging from 
0.34 AU to 2.8 AU the array voltage varies over a ratio of 3:1 which 
exceeds the present state of technology of high-efficiency power 
processors. Two alternative approaches were considered: (1) opera- 

tion over the stated solar array voltage range; this requires additional 
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power processor development and causes weight and efficiency penal- 
ties totaling 10 to 20 percent; (2) reduction of output voltage variation 
by in-flight switching of solar array module interconnections. The 
first, more conservative approach was selected in our design concept. 

The solar array is divided into 12 modules which are inter- 
connected with a grounded center tap so that one output terminal is 
positive and the other negative with respect to vehicle ground. This 
arrangement doubles the input voltage to the power processor and 
permits an appreciable weight saving while reducing the risk of electron 
drainage currents flowing between the solar array and the ambient 
plasma. 

7.2.2 Propulsion Subsystem 

The power profile of the nominal 800-day transfer trajectory is 
shown in Figure 7-5. A tradeoff between the number of thrusters, re- 
liability, and weight was performed based on results of an earlier study 
(Reference 7-3). By selecting a total of six thrusters, each rated at a 
nominal input power level of 3.3 kw, we obtain a thruster switching 
sequence that uses four thrusters initially as shown in the diagram. 

The number of thrusters operating during the 751 -day total thrust period 
varies between five and one. The sixth thruster is available as a spare. 
This operating profile does not require any thruster to operate for more 
than 350 days and the resulting overall thrust system reliability is 
0.95 based on a nominal thruster design life of 550 days. 

The assumed thruster characteristics (3.3 kw at a 3000-second 
specific impulse and 70 percent efficiency, providing a maximal thrust 
of 3 5 millipounds) are consistent with the projected performance range 
of the 30-cm thrusters currently under development by JPL and NASA 
Lewis Research Center. Since the maximum thruster throttling ratio 
of 2:1 is not exceeded at any time during this mission, as shown in 
Figure 7-5, a high level of thruster efficiency can be maintained. 

The thrusters are mounted in a hexagonal array on a two-axis 
translation platform based on the thrust vector control system design 
developed by JPL (Reference 7-5). This platform aligns the total thrust 
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Figure 7-5. Propulsion Power and Thruster Switching Profile 

vector with the spacecraft center of mass regardless of how many 
thrusters are in operation at any given time and automatically com- 
pensates for lateral shifts of the spacecraft center of mass which may 
be caused, e.g., by solar array deflections. In addition to the thrust 
vector alignment function, the TVC articulation system also performs 
continuous attitude control functions during the thrust phase. To add a 
third axis attitude control capability, each thruster is mounted on a 
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one -axis gimbai so that it can be deflected by a small angle around an 
axis extending to the center of the hexagonal array. Individual gimbai 
actuators are envisioned but one centrally located actuator could be used 
instead to drive all six gimbals. 

The dimensions of the propulsion module (2.45 X 1.58 x 0.9 meters) 
are dictated primarily by the panel area of the power processor units 
that must radiate a maximum of 1. 5 kw of dissipated heat based on a 
91 percent power processor efficiency when the solar distance decreases 
to 0.75 AU during the initial inbound main thrust phase. For most effec- 
tive waste heat rejection the power processors are mounted in the rear 
area of the propulsion module. 

7 . 3 ENGINEERING SUBSYSTEMS 

7.3.1 Attitude Control 

The attitude control subsystem performs the following functions: 

• Initial celestial reference acquisition after separa- 
tion from the booster and reacquisition at any time 
during the operating life of the system 

• Three -axis stabilization of the vehicle attitude 
within ±0. 5 degree and thrust vector orientation 
by rotation of the spacecraft about the yaw and 
roll axes 

• Antenna pointing at the earth with an accuracy of 
0. 5 degree 

• Experiment pointing with ±0. 5 degree accuracy 

• Solar array rotation through ±90 degrees 

• Computational support to the propulsion and power 
subsystems on a noncyclic basis. 

The attitude control system includes coarse and fine sun sensors; 
a one -axis rotatable star reference sensor; two redundant rate inte- 
grating gyros; the reaction control system; and a control electronics 
assembly which provides interconnection and switching ~>f subassemblies 
and establishes interfaces with other subsystems. 

A control processor assembly consisting of two redundant digital 
computers provides logical control and computation functions within the 
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attitude control subsystem and supports other subsystems on a priority 
interrupt basis. The large number and diversity of attitude control 
operating modes and switching requirements can be significantly simpli- 
fied by the use of this computer, with an increase in system reliability. 

The spacecraft attitude is controlled within a relatively wide dead- 
band (0.5 to 1 degree) such that limit cycle oscillations have a low fre- 
quency, about 0.01 cps. This is required to save attitude control propel- 
lant as well as to minimize dynamic interaction with the flexible solar 
array structure. Of principal interest in this connection is the frequency 
of the first asymmetrical bending mode of the spacecraft/solar array 
combination. This frequency is about one order of magnitude greater 
than the attitude control limit cycle frequency. Hence the two oscilla- 
tion modes are effectively decoupled. 

In addition to the nominal cruise control mode the attitude control 
system also provides a precision pointing mode with a drift rate smali 
enough (2 X 10 deg/sec) to allow accurate navigation fixes by means of 
the TV image system with a maximum exposure time of about 30 seconds 
(see Section 5). 

7. 3. 2 Communication and Data Handling 

The design of these subsystems is keyed to the objective of limiting 
the required mission support by the Deep Space Network considering the 
prospect that the Encke rendezvous mission may be in progress con- 
currently with other interplanetary missions qf long duration. Reasonably 
large telemetry data rates will be maintained by the spacecraft even at 
maximum communication range, with the uplink and downlink charac- 
teristics designed to rely primarily on the 85 -foot rather than the 
210-foot DSIF antennas. 

Since electric power is abundant we selected a 25-watt transmitter 
for the baseline configuration operating at S-band, The size and payload 
capacity of the vehicle permits the use of a six-foot- (l. 82 m) high-gain 
antenna. Thus, even at a communication range of 3.8 AU, occurring at 
aphelion, a telemetry bit rate of 258 bps will be available using an 
85-foot DSIF antenna. During rendezvous the data rate increases to 
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2048 bps at the initial encounter and to 16.3 kbps at the time of earth- 
comet opposition when nucleus exploration is in progress and a larger 
number of TV frames is to be transmitted. With the use of the 21u-foot 
DSIF antenna these data rates would be increased to 16.3 kbps and 
131kbps, respectively. 

7.3.3 Thermal Control 

The thermal design must provide adequate temperature control to 
the vehicle, all its subsystems and appendages over the wide range of 
propulsion power and solar heat flux conditions that characterize the 
mission. The basic thermal control concept provides the spacecraft with 
an insulated body so as to minimize heat leaks into and out of the interior. 
Multilayer thermal insulation blankets consisting of aluminized Kapton 
sheets are used for effective passive control. Bimetallically actuated 
louvers are used to control the temperature of high -heat rejection com- 
ponents such as the power processors in the propulsion module, and 
TWT's and their power supplies in the equipment module. The wo 
modules are also thermally decoupled since each is optimally operating 
at different temperature levels, and thermal transients occurring in the 
propulsion module would unnecessarily complicate thermal control of the 
more uniformly operating equipment module. Heaters are used to keep 
the propulsion module equipment above minimum temperatures of -55°C 
during coast phases. 

External equipment is protected against excessive solar heating 
by low-absorptivity, high emissivity coating (Z-93 thermal white paint) 
and by multilayer Kapton insulation sheets where required to minimize 
heat leaks into and out of the equipment. The high -gain antenna dish 
uses stainless steel wire mesh coated with Teflon to withstand the ex- 
treme heating at close solar distances without serious deformation. 

The ion engines are arranged in a hexagonal array, with up to five 
engines operating simultaneously. Under worst-case heating conditions 
local high temperatures may reach 295 to 320°C at 0.4 AU solar distance. 
Use of permanent magnets rather than electromagnets make this condi- 
tion acceptable. These results are conservative since operation of ad- 
jacent engines is unnecessary during the comet exploration phase. 
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The solar array panels are protected against excessive solar- 
thermal radiation by rotation away from full exposure, as solar distance 
decreases below 0.68 AU, thus maintaining a maximum temperature of 
140°C. Degradation due to overheating may become a problem if the 
solar array blankets do not remain ideally flat under extreme heat flux, 
but exhibit curling along the edges while held in the feathered orientation. 
The angle of solar incidence along the edges can thus become sufficiently 
large to cause permanent damage in this portion of the array. Actually, 
a large thermal degradation of the solar array can be accepted after 
rendezvous is achieved, nominally at 0.96 AU since much less than the 
full thrust power is needed to perform subsequent comet exploration 
maneuvers. However, for greater flexibility in mission planning, we 
must include the option of arriving at a later date, closer to perihelion. 

A promising design approach for controlling edge curl is shown in Fig- 
ure 7-6. Solar array panels are stiffened by collapsible beryllium 
copper tubes installed along the edges and across the substrate, sub- 
dividing the array into rectangular modules. The stiffeners can be rolled 
up and deployed from the storage drums without difficulty. The estimated 
weight of this modification (8 to 12 kg for a 17. 5-kw solar array) in- 
creases the total array weight by only four percent. Further study, engi- 
neering development, and test of this concept as a modification of the 
existing rollup array model is recommended. 

A principal operating constraint of the spacecraft, particularly 
during closest solar approach, is to avoid exposure of the rear surface 
of the center body with its louvered radiating panels to direct sun illumi- 
nation. As previously discussed in Section 6 all maneuver sequences 
can be adapted to this constraint. However, at times this requires a roll 
reorientation of the spacecraft by 180 degrees. 

7.4 WEIGHT ESTIMATES 

Although no detailed design of the selected spacecraft concept and 
its subsystems was performed during this study, preliminary weight 
breakdown estimr es can be derived by extrapolation from the earlier 
designs on which our configuration is based (References 7-1 through 7-4). 
T?ble 7-2 shows the weight estimates for electric propulsion and power 
according to data derived in Section 5, and gives upper and lower weight 
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Table 7-2. Estimated Weight Breakdown (kg) 


Nominal 800-day mission; total thrust time: 751 days 

Gross solar array power 17.5 kw, SEP input power 13 kw (at 1 AU) 

Titan HED/Centaur (five segments), offloaded 14 percent 


Gross injected mass at = 8 km/sec 

1380* 

Launch penalties covered by 
14 percent unused booster capacity 

Solar electric propulsion dry mass 

417 

Based on a = 30 kg/kw plus 27 kg 
to accommodate initial power 
increase 

Propellant mass (mercury) 


536 


Net spacecraft mass 


427 


Solar array degradation and housekeeping power 67 

4. 5 kw at 15 kg/kw 

Structure and engineering subsystems 

310 ± 20 


Structure 
Thermal control 
Power 

Attitude control 
Electrical integration 
Communications and 
data handling 
Hydrazine and tankage 

100.110 1 
30- 35 
30- 35 j 

30- 35 
25- 30 
50- 55 | 

25- 30 


Weight elements adapted from 
previous SEP spacecraft studies 
by TRW and JPL (Reference 7-1 
and 7-2) 


290-330 



Net payload capacity (science) 


50 ± 20* 



Extension of thrust time by 49 days to 800 days would increase gross injected mass to 1460 kg 
and net payload capacity to 76 ± 20 kg (hyperbolic departure velocity decreased to 7. 5 km/sec). 


brackets for spacecraft structure and engineering subsystems. Comments 
that explain some of these estimates are added in the last column of the 
table. The resulting net weight capacity for payload instruments is 
50 ± 20 kg. Since the lower estimate shows only a marginal payload 
capacity it is apparent that a more detailed design study is required to 
narrow the uncertainty range of subsystem weight assumptions. Areas 
that provide a significant weight reserve are: (1) reduction of mercury 
propellant mass through optimum use of the total launch vehicle injection 
capability and by reducing the 49-day coast period included in the nominal 
transfer trajectory: (2) savings in the amount of power margin allocated 
to solar array degradation and housekeeping; and (3) reduction of hydra- 
zine propellant mass by better definition of emergency maneuvers that 
would require hydrazine rather than low-thrust propulsion capabilities. 
Preliminary analysis indicates that a net payload increase of up to 70 kg 
should be achievable if necessary by combining all of these steps. A 
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shift in arrival date by 10 days would yield an additional margin of 30 kg. 
Thus the desired scientific instrument complement of 50 kg can be readily 
accommodated with a substantial weight margin. 

7.5 ADAPTATION TO LAUNCH BY THE EARTH ORBITAL SHUTTLE 

The possibility of using the Earth Orbital Shuttle augmented by a 
chemical upper stage to launch interplanetary missions has important 
implications in connection with a 1984 Encke rendezvous mission. A 
' -eliminary investigation of the compatibility of our spacecraft with the 
Shuttle launch mode was conducted and the following potential advantages 
of this mode were identified: 

• Substantial cost savings compared to the Titan IIID/ 

Centaur booster 

• Ability to deploy the solar array and conduct a pre- 
flight orbital checkout, especially of the electric 
propulsion system 

• A.bility to detect and correct malfunctions, thus 
increasing the probability of mission success com- 
pared to the conventional automatic launch mode 

• Salvaging the spacecraft if major repair is required 
that is not feasible onboard the Shuttle. 

The possibility of adding this mission to the list of subscribers to the 
Shuttle program, along with other SEP missions now being contemplated 
for the 1980's should be a matter of interest to Shuttle program planners. 

Figure 7-7 shows estimated performance characteristics of the 
Shuttle with Centaur and Agena upper stages (solid lines) compared to the 
current Titan IIID/ Centaur performance (dashed lines). The performance 
requirement for a nominal 800-day SEP Encke mission is seen to be well 
within the capability of the projected large -trnk Agena upper stage. The 
Centaur upper stage would have sufficient performance to inject two 
vehicles of the Encke spacecraft class, although such a dual launch is not 
envisioned at this time. 

Figure 7-8 illustrates the concept of orbital checkout of the electric 
spacecraft mounted on top of the Centaur stage. The stage is still attached 


Source: NASA/MSFC, 1971 


7-17 









Figure 7-8. Spacecraft Deployed for Preflight Checkout 
in Shuttle Launch Concept 

to the Shuttle by means of a deployed strongback, so that it could be re- 
tracted for servicing if necessary. The solar array is deployed and the 
electric thrusters on top of the vehicle are then turned on for a full 
thrust check run. A complete power and propulsion checkout is not feasible 
in ground test facilities of practical size. Some of the engineering systems 
and science payload checkout tasks are summarized below. 

a) Engineering systems 

• Deployment, retraction and rotation of solar array 
under zero g condition 

• Thruster decaging, articulation and switching 

• Full-power active thruster test 

• Automatic thruster throttling and cutoff sequence 
under simulated solar intensity variation (array 
rotation); maximum power tracking by power 
processors 

• Command sequences, data handling and telemetry 

• Thermal control cycles in day and night phases. 
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b) Science payload 

• Measurement of earth -orbit observables and sensor 
calibration (i. e. , plasma probe, magnetometers, 

E-field meter, IR and UV sensors) 

• SEP-interaction levels 

• TV system checkout against known targets on surface 

• Payload platform uncaging and articulation test 

• Checkout of instrument command sequences, data 
handling, and telemetry. 

We note that the launch configuration of the electric spacecraft 
designed for Titan IIID/Cenu.ur launch, especially the placement of the 
propulsion module on top, is compat-b 1 \'.th the Shuttle orbital checkout 
concept and no significant modification between the Titan launch and 
Shuttle launch appears to be required. Further study of Shuttle launch 
implications to substantiate these preliminary conclusions is required 
and should be performed along with other feasibility and implementation 
studies projected for the Encke mission. 

7.6 ALTERNATE SPACECRAFT CONCEPTS 

A critical look at the large and relatively complex, three -axis con- 
trolled 17.5 kw spacecraft configuration that has resulted from this study 
inevitably leads to the question whether a simpler and less costly space- 
craft concept could not be devised to provide a minimum Encke rendezvous 
mission capability. Is it possible to achieve a less sophisticated but ade- 
quate mission by giving up some design feattures that complicate the se- 
lected spacecraft concept following the same precepts that led to the defi- 
nition of a minimum but essential science payload complement ? In our 
search for a simpler spacecraft implementation we have explored these 
avenues: 

1) Reduction in propulsion power 

2) Simplification of design features 


;« 

This aspect is relevant to possible multiple -mission uses of the SEP 
spacecraft. 
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3) Use of spin-stabilization rather than three-axis 
stabilization 

4) Use of a ballistic three -impulse trajectory to achieve 
rendezvous without electric propulsion. 

The first approach is feasible but would necessitate adoption of a 
longer flight time, typically 1050 days, as discussed in Section 5. In this 
case the propulsion power can be reduced to 7 kw and the gross (installed) 
power to about 10 kw. However the shorter flight time that necessitates 
13 kw of propulsion power (17.5 kw of gross power) provides greater 
flexibility of mission planning, improves the probability of success, and 
provides a more adequate time interval to make use of data obtained from 
the 1980 Encke flyby. In addition, with 13 kw of propulsion power we gain 
mission growth potential, e.g., the capability of carrying a lander probe 
in a later mission that would use essentially the same spacecraft configu- 
ration. The adopted power level makes the spacecraft compatible \ ith a 
number of other mission objectives as identified in JPL's SEMMS study, 
so that the development cost may be shared by different users. We con- 
clude that the limited cost reduction achievable through a 7 kw (40 per- 
cent) power reduction imposes too many significant disadvantages in the 
framework of overall program considerations. 

The second approach, simplification of design features, concerns 
such elements as the rotatable solar array, the antenna size, and the two- 
axis gimballed scan platform. The rotatable array is essential because of 
the high sensitivity of payload mass to optimal thrust pointing. As shown 
in Section 5, a 20 percent lower net spacecraft mass would result from 
thrusting along a nonoptimum fixed- cone angle. This would reduce the net 
(instrument) payload capacity to a marginal level, at best. Solar array 
rotation is essential for severed other functional reasons as well, as 
previously discussed. 

Antenna size is not critical to mission performance, but reduction 
from the selected 6-foot diameter would complicate data transmission 
during important events of the mission without offering a significant cost 
or weight saving. The gimballed scan platform is an essential feature of 
a three -axis stabilized spacecraft for effective comet exploration and 
cannot be eliminated. 
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The third approach, use of a simple spin-stabilized electric propul- 
sion vehicle (Reference 7-6) was found to be incompatible with the propul- 
sion requirements of an Encke rendezvous mission, owing to the thrust 
vector and solar array pointing constraints inherent in that design. For 
example, at 15 kw of propulsion power only 150 kg of net spacecraft mass 
would be delivered by the spinner, and even at 24 kw only 250 kg. (These 
data apply to a 950-day mission in 1980. ) The possibility of performing 
a ballistic Encke rendezvous mission using major impulsive maneuvers 
at aphelion (3600 m/sec) and at the comet encounter (250 m/sec) has been 
investigated by IITRI, Reference 7-7. (These data are for a 1300-day 
mission in 1980.) For such a mission a simple spinner such as Pioneer, 
or a three-axis spacecraft such as Mariner, with an added chemical pro- 
pulsion stage could be employed, the former within the launch performance 
envelope of a Titan IIID/Centaur/TE364-4. Further analysis, outside the 
scope of this study, is required to establish the feasibility of prolonged 
comet exploration by these ballistic vehicles and to compare their payload 
performance with that of the SEP spacecraft. 
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8. COST CONSIDERATIONS 


Determination of a cost estimate for the Encke rendezvous mission 
exceeds the scope of this study. To obtain reasonably valid cost figures 
at this time would require a spacecraft design study in a much greater 
depth. However, since cost economy was specified as a principal con- 
straint in our selection of the mission concept and payload composition 
it is relevant to compare this mission with other types of comet explora- 
tion missions on a relative cost and complexity scale. In addition we 
have evaluated the relationship of payload size to cost in a qualitative 
way and arrived at trends on cost-effectiveness that can be stated inde- 
pendent of detailed system «:■. ^ acteristics. 

Figure 8-1 summarizes principal features of four comet mission 
types, starting with flythrough as the simplest and lowest cost entry to 
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Figure 8-1. Comet Mission Types 


the extremely complex and costly class of a rendezvous and sample 
return. A rendezvous mission such as the mission studied here ranks 
second in terms of cost and complexity relative to the other mission 
types. However, the advantage of greater scientific data return through 
flexible and systematic comet exploration compared to a fast or even a 
slow flythrough that has been proposed, would warrant the additional 
complexity and coot. 
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Actually, the payload instruments required for a flythrough mis- 
sion must be more sophisticated in response characteristics and resolu- 
tion than those required in a rendezvous mission, and hence perhaps 
costlier to develop, in order to provide a reasonable scientific yield. At 
typical flythrough velocities of 15-20 km/sec the spacecraft would pass 
through the inner con a in less than 20 minutes and provide best viewing 
conditions for nucleus imaging at a range of less than 1C. 000 km for even 
a shorter period. The TV system resolution would have to be : least an 
oi r of magnitude higher than the 0. 1 milliradian assumed for the 
rendezvous image system and exceeding that of the Mariner 1971 high- 
resolution camera. 

Missions with nucleus contact or sample return to earth are much 
more complex and costly. The additional scientific value of data obtain- 
able by these advanced missions relatee particularly to the origin, evolu- 
tion, and age of the comet. 

Figure 8-2 shows brackets of total cost of some recent ballistic 
missions and of estimated cost of solar-electric missions that would use 



SCIENCE PAYLOAD MASS, KG 

Figure 8-2. Cost Brackets of Representative Missions 

spacecraft of a size and complexity comparable to the spacecraft concept 
described in Section ~ and capable of performing the Encke rendezvous 
(References 8-1 through 8-3). Figure 8-3 supports the above cost cate- 
gories with an estimated cost breakdown from the recent TRW design 
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Note: This payload estimate for three flights, i. e. , $ 7 . 3 million per 
mission, is less than the minimum anticipated for the Encke rendezvous. 


Figure 8-3. Program Elements and Cost Estimates 

from a Recent 17-kw SFP Vehicle Design 
Study (Reference 8-2) 


study of a multi-mission SEP upper stage (Reference 8-2). More detailed 
cost figures cannot be presented in this context without additional study. 

Rough estimates of payload cost categories in the above quoted 
examples anticipate a range of $15 to 25 million for instrument design, 
development, test, integration and scientific data support, i.e., typically 
15 to 30 percent of the total project cost. With these cost brackets in 
mind it is apparent that payload cost alone is not a decisive factor in 
cost-effectiveness evaluation. It also follows that payload economy while 
important must not be overemphasized since the scientific value of the 
mission is strongly dependent on payload capabilities while the overall 
cost of the mission is a much weaker function of this variable. 
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These trends can be illustrated in a general way by the cost 
characteristics and scientific returns of a typical mission in the $50 to 
100 million class, expressed in normalized form as shown in Figure 8-4. 





Figure 8-4. Cost Effectiveness Trends 

The normalized cost and scientific value are shown as functions of pay- 
load weight. From these curves a cost-effectiveness figure (scientific 
value per unit cost) is derived. Upper and lower brackets of the sci- 
entific value function reflect in a variation of the cost effectiveness by 
about 30 percent. The trend of these curves shows that the optimum 
occurs in the middle range of payload weights considered, i.e., at about 
85 kg of payload weight. Characteristics of the Encke mission cost 
tradeoff are reflected by this trend. 
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9. RECOMMENDATIONS FOR FUTURE ACTIVITIES 
AND REQUIRED TECHNOLOGY DEVELOPMENT 


In planning a rendezvous mission to Encke in 1984 (or any other 
year), many spacecraft design and mission analysis tasks are yet to be 
done, and even to be identified. However, there are also many scientific 
tasks still to be accomplished, and it should not be assumed that the 
scientific objectives of a mission to Encke rest entirely on the results of 
measurements by the rendezvous vehicle, and measurements to be con- 
fined to the actual time of rendezvous. The list below includes selected 
activities that should be regarded as integral parts of a mission to Encke, 
or to any other comet for that matter. 

9. 1 DESIRED FUTURE ACTIVITIES PREPARAT OR\ 

TO THE SPACECRAFT MISSION 

9. 1. 1 Development of Existing Data 

There already exists on photographic plate and in data files a store 
of observations and measurements of, and inferences about, comets in 
general and Encke in particular that have not been fully exploited or 
pubicly exposed. It would be valuable to form a "Task Force Encke" to 
assemble and catalogue the best and most reliable data on this comet, 
especially from recent passes, and to compile and document the inferences 
that have or can be made from these data. For example, it would be help- 
ful to have the heliocentric dependence of "nuclear" brightness, r” n , 
documented graphically and the best value of n displayed explicitly. 

Similar documentation would be appropriate for brightness and diameter 
of any feature or layer of the comet that might be consistently identifiable, 
such as inner coma, coma, or tail. 

9.1.2 Telescopic Observation 

Substantial benefit will probably be derived from an improved pro- 
gram of ccmetary observation from earth in the next few years. In 
particular, there will be opportunities to examine Encke in 1974 (sunspot 
minimum, poor visibility), 1977 (low but rising sunspot numbers, poor 
visibility), and I960 (high sunspot numbers, good visibility). Two of 
these opportunities, in 1974 and 1977, would produce recovery only after 
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perihelion, according to historical precedent. It would be appropriate 
therefore to plan on use of the beat modern equipment, including, with 
emphasis, telescopes in southern hemisphere stations. 

9.1.3 Theoretical Models 

Computational approaches +o cometary atmospheres, of the type 
developed by Mendis, et al (Reference 2-31), should be improved and 
extended. Allowance for Delsemme's icy grain sources of neutral gases 
and radicals should be made and the radial distribution of ionized products 
should be encompassed. Also, the calculations should be specialized to 
Encke, perhaps even including the probable nonuniformity of Encke's 
emissions. 

9.1.4 Instrument Definition 

Once an improved theoretical model has been established, the re- 
sults should be applied to determine, or at least set limits on, the various 
parameters that spacecraft instruments will be expected to measure. 
Detailed definition of payload instrumentation and selection of specific 
detectors will then follow. 

9.1.5 Sclar Activity Correlation 

A careful reevaluation and multifactor analysis of the historical 
presence and absence of Encke's tail and nucleus should be carried out 
and published at an early opportunity. The results can be tested during 
the 1974, 1977, and 1980 apparitions, which will span a wide range of 
sunspot numbers from minimum to maximum. 

9.1.6 Solid -Particle Composition 

Instrumentation for determining the composition of nonvolatile dust 
grains without requiring their ionization by impact should be developed 
and tested for inclusion in a rendezvous payload. An instrument of this 
type is under development at NASA, Ames Research Center, but no data 
on its characteristics have been published to date. 

9.1.7 Laboratory Simulation 

The experimental work of Delsemme and Wenger (Reference 2-11) 
has been an important recent contribution to the physics and chemistry 
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of comets. This type of simulation of cometary conditions should be 
continued and serious consideration should be given to repeating and ex- 
tending such experimentation in an extraterrestrial laboratory such as 
might be available on the Shuttle. 

9.1.8 Combination of Asteroid Flyby with Comet Mission 

Opportunities of achieving one or several asteroid flyby's by small 
excursions from the nominal trajectory to Encke (Section 6) should be 
further evaluated, and if possible, included among the secondary objec- 
tives of the mission. NASA's Small Bodies Mission Panel has started 

deliberations on possible options of this type, their feasibility and rela- 
te 

tive priority in 1971 and is currently issuing its recommendations. 

Further analysis and tradeoff between scientific value of multitarget flyby 
and possible increases in cost, complexity and the risk to the primary ob- 
jective should be performed. 

9.2 ADVANCED TECHNOLOGY REQUIREMENTS 

Results of system analysis and design studies indicate that the im- 
plementation of the electric stage program depends strongly on technology 
development not only in the field of solar -electric propulsion but other 
critical areas as well, e.g., attitude control of large flexible structures; 
guidance and na . igation with respect to targets having a poorly defined 
ephemeris and being hard to detect, such as asteroids and comets; thermal 
control under extreme conditions; communication and data handling with 
wide variations of mission characteristics and constraints. 

9.2.1 Solar Electric Propulsion Technology 

This technology has been greatly advanced in recent years, and its 
performance test by the SERT 2 mission in 1970 has been highly suc- 
cessful. Io* thrusters of the type and size envisioned for this mission 
(Section 7) are under advanced development and test by NASA and JPL. 
Advanced power processors are also being developed. However, a 
realistic all-up technology evaluation flight is being considered a necessity 
to provide sufficient confidence before undertaking a demanding and costly 
mission such as Encke rendezvous, with thrust times of the order of 

Private communication by R. Newburn of JPL, a participant. 
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700 days. However, the 1984 Encke mission with seven years of lead 
time remaining to date, and three years before system development 
would have to get started, could provide the ultimate incentive for 
unde rtaking the first -generation SEP flight program in the second half 
of this decade. 

9.2.2 Thermal Protection 

Advanced thermal control technology will be incorporated in the 
1974 Mariner Venus -Mercury spacecraft and the Helios 0.25 to 0.3 AU 
solar probes, to be launched in 1974/1975. However, the Encke mission 
which includes outbound (2.8 AU) and inbound phases (0.34 AU) with a 
thermal flux variation of about 100:1 poses new and even more extreme 
thermal control problems. Among the problem areas to be addressed 
are flexible orientation modes and ion thruster operability under the 
maximum solar flux at 0.34 AU. The possible degradation of the solar 
array under these extreme conditions and the damage that may be caused 
by thermal warping of the solar cell blankets must be further investigated 
and techniques for its control should be developed and tested, including 
the panel stiffener concept proposed in Section 7. 

9.2.3 Protection Against Cometary Dust, Ice Grains, etc. 

The inevitable dust impact hazard in the inner coma and near the 
nucleus must be further investigated and techniques for protection of 
sensitive surfaces, optical apertures, etc., developed. The mission 
profile can be adapted so as to minimize the exposure but a quantitative 
evaluation of system degradation should be performed. One of the most 
sensitive parts of the spacecraft may be the ion thruster that would be 
contaminated and subject to short circuiting by even minute amounts of 
dust entering the discharge chamber and inter -electrode space. Since 
the thrusters are largely dormant during most of the comet exploration 
phase, the concept of providing a protective cover that can be folded back 
during intermittent short thrust periods appears promising. 

9.2.1 Terminal Navigation 

More analysis of the novel concept of two-stage rendezvous is re- 
quired to evaluate its use and accuracy in approaching the nucleus. The 
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prospect of adding asteroid flyby to the mission objectives would in- 
crease the complexity and accuracy requirements of terminal navigation. 
However, the onboard optical sensor already provided for nucleus termi- 
nal navigation fixes provides asteroid detection capabilities to sixth 
magnitude consistent with requirements currently being established in 
parallel studies of asteroid rendezvous. 

9.2.5 Remote Spacecraft Operation under Control by TV Command Link 

During critical mission phases, particularly in close approach to 
the nucleus, the long round-trip communications time delay of 10 to 
30 minutes is a severe impediment for effective use of the TV command 
link to control the spacecraft remotely. There will be a requirement of 
autonomous maneuvering and sensor pointing under onboard command 
sequencing and feedback control. This technology is needed for inter- 
planetary missions of various types and has been under development for 

* 

some time, e.g., by a study team at JPL. It is recommended that 
conceptual and practical problems of autonomous and remote control be 
studied jointly by a team of spacecraft/mission designers and remote 
control specialists, with an initial review of available approaches, 
priorities, complexity levels, etc., to be followed by mission-oriented 
research. 


❖ 


Private communication by L. Fried: :i.\n of JPL. 
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Errata, Volume I, Study of a Comet Rendezvous Mission, 
TRW Report 205 13-6006-RQ-00 


Page 

2-3 Figure 2-3, legend at lower right reads 

C = Coma 

N = Nucleus or Condensation 
T = Tail 

2-45 Figure 2-22, right hand column, third scale from top: 

19* km should read 10° km 

2-51 Figure 2-25, solid line should also be labeled "Asteroidal 
Brightness Law" 

2-52 Figure 2-26, replace caption by: 

Temperature of cometary material vs. heliocentric distance 

6-6 Figure 6-2, in abscissa and ordinate legend of gratph at left, 

delete the word LOG 



